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Abstract
Amongst various surface modification techniques, hyperthermal hydrogen induced
cross-linking (HHIC) has been used to modify the surface of polymeric samples. In this
novel and innovative technique neutral hydrogen projectiles with appropriate kinetic
energy are produced to generate carbon radicals on the impacted surface through the
collision-induced C-H bond breaking. Subsequently, this phenomenon results in crosslinking hydrocarbon chains in the treated polymeric samples.
Verifying the validity of cross-linking process through experiments is the target of
first part of presented dissertation. Spin-coated poly(methyl methacrylate) (PMMA) films
on silicon wafer were exposed to hydrogen projectiles for different durations, while the
other conditions related to HHIC reactor were maintained the same. We propose the usage
of time-of-fight secondary ion mass spectrometry (TOF-SIMS) negative ion spectra in
order to gauge the degree of cross-linking in the impacted surfaces. TOF-SIMS depth
profiles of PMMA characteristic ion fragments have also been used to study the crosslinking penetration into polymeric surface. It has been demonstrated that cross-linking
depth into polymeric surface by the HHIC treatment does not increase linearly with the
exposure time.
In the second part of the experiments, application of cross-linked polymeric surfaces
was studied for organic thin film transistors (OTFTs) efficiency improvement. However,
before using a cross-linked dielectric layer in the configuration of OTFTs a set of
experiments was designed to figure out the best conditions for the HHIC treatment.
Experiments included spin-coated PMMA films on silicon wafers which were treated with
HHIC technique for different duration up to 30 min. Afterwards, cross-linked polymeric
surfaces were subjected to contact with an organic solvent; the morphology of residual
films were investigated with atomic force microscopy (AFM). We clarified that at least 5
min of treatment time is necessary to make efficient cross-linked surface on the polymeric
sample for device fabrication purposes. Subsequently, cross-linking technique was applied
in a simple model of multilayer device consist of PMMA as the dielectric layer and poly(3hexylthiophene) (P3HT) as the organic semiconductor layer. By means of TOF-SIMS
depth profile data the multi-layered structure of the mentioned device was studied and a
ii

significant improvement in the interfacial configuration of polymeric films owing to the
cross-linking process was observed.
Consequently, as the main goal of this research, HHIC technique was applied in the
actual solution-processable OTFTs configurations by treating the polymeric gate dielectric
layer and making it resistant against the attack from the solvent contained in the solution
used for building the subsequent layer (semiconductor). Use of cross-linked polymer
dielectric layer resulted in enhancement of OTFTs performance.

Keywords
Cross-linking, surface modification, hyperthermal hydrogen projectile, thin film field
effect transistors, polymers, organic semiconductors, charge carrier mobility, time-of-flight
secondary ion mass spectrometry, molecular depth profiles.
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Chapter 1: Introduction
Organic materials and their applications are one of the most important areas of
contemporary science; including, electronics. One of the basic components of electronic
devices is transistor. Initially they were introduced based on inorganic materials (1).
Their structure was a bipolar configuration consisted of p- and n- type semiconductors
with three terminals. The field effect transistors (FETs) were another structure which
were developed later and became a building block for the integrated circuits (2). In
contrast with the firs type of transistors, FETs are unipolar devices in which the current
between two electrodes is controlled by the voltage applied to the third electrode, i.e.,
gate. In terms of transistors application, they have to be able to perform millions of
operation per seconds, and this speed of operation depends on the one of
semiconductor’s characteristics called charge carrier mobility, µ, which is a measure of
the charge carriers drift velocity. The highest mobility (~104 cm2/Vs) has been reported
for inorganic single-crystalline gallium arsenide and silicon .However producing the
single-crystalline structure of these materials is expensive and not the best choice for the
large-area production. Therefore, there is a need for developing a technology that is less
expensive with large-scale device fabrication. This necessity opened the doors of
electronic science to the organic semiconductors and they have been studied since 1950s
(3). Although the highest reported mobility of the organic based transistors lies between
0.1 – 10.0 cm2/Vs (4, 5), they suffice for some industrial applications. For instance,
liquid crystal displays does not require a very high switching speed, since the response
time of human eye is in the range of several milliseconds.
Generally, organic semiconductors can be deposited through vacuum deposition
systems or solution-based techniques. While high mobility of organic based transistors
corresponds to those prepared by evaporation of organic semiconductor, this method is
not suitable for large-area device production. The use of solution based technique is
promising for low-cost and large-area fabrication. However, fabrication of multiple
polymeric films with solution-based technology presents challenges to the chemical
stability of hetero-junction structures. Thus, researchers apply solution-based technique
for depositing the organic semiconductor when they use a solid gate dielectric such as
1

SiO2. For organic transistors and other multi-polymeric
polymeric devices (Figure 1) with
polymeric gate dielectric it is almost impossible to use solution based
ased techniques for
depositing the subsequent organic semiconductor as it may defuse into the existing
polymeric film and make degrade the hetero-junction.

Figure 1.. Schematic structure of an organic thin film transistor.

Although the fabrication of multilayer device with solution based techniques
present challenges, it is still in the current area of interest as it is crucial for the creation
of the operative stretchable and flexible devices such as paper displays.
The aim of this thesis is to provide a solution to this problem by passivating the
existing polymeric dielectric film using a novel surface modification technique of
hyperthermal hydrogen induced cross
cross-linking (HHIC) to cross-link
link molecules near the
surface of thee polymer film and make them strong against the solvent of subsequent
layer. I demonstrate the applicability of HHIC technique in enhan
enhancing
cing chemical stability
of poly(methyl
methyl methacrylate
methacrylate) (PMMA) films spin-coated
ated on a Si substrate. I applied
time-of-flight secondary ion mass spectrometry (TOF
(TOF-SIMS) in the studies of the crosslinking of hydrocarbon chains in the polymer film by
y comparing differences in ion
fragmentations between the ccontrol and HHIC-treated PMMA films.. By analyzing a
highly cross-lined system
em I identified a group of ion fragments that are characteristic to
cross linked hydrocarbon chains and thus can be used to gauge the degree of crosscross
linking. By depth-profiling
profiling the HHIC
HHIC- treated PMMA films using TOF-SIMS,
TOF
I was
able to also investigate th
the depth of the cross-linking.
linking. As a final point, I report our
results on the enhancing the device performance of solution
solution-processed
processed OTFTs with
HHIC-treated
treated PMMA as the dielectric layer. I tested several OTFTs configuration using
2

different organic semiconduc
semiconductors
tors which were synthesized by Xerox Research Center of
Canada (XRCC).

Chapter 2: Organic semiconductors
Polymers and small conjugated molecules are two main divisions of organic
semiconductors which have been applied in OTFTs configuration (4).. Small molecules
organic semiconductor such as pentacene can be deposited through vacuum deposition
methods as they show poor solubility. The background pressure of the system and
pressure during the deposition are of important parameters for deposition system,
s
as
they determine the mean free path of deposited semiconductor and the distribution of
impurities in the film during the deposition. Due to the high molecular order in the
deposited organic semiconductor film through this method; they showed outstanding
outsta
charge carrier mobility of the order of amorphous silicon (6).. However, this method is
not practical for large-area
area and low
low-cost device fabrication.

Figure 2. Chemical structure of pentacene.

On the other hand, the solution based techniques such as spin
spin-coating
coating or printing
are prominent for reducing the manufacturing expenses. A great deal of research has
been done to overcome the insolubility of organic semiconductors (7, 8).
8) The most
significant
ant effort in this area was carried out on conjugated polymers which involved
the grafting of alkyl or alkoxy groups with solubilizing feature along the conjugated
polymer chains (9, 10).. The molecular order of deposited semiconductor film through
solution based methods is much lower than vacuum deposited ones which lead to
attenuate the quality of charge transport mechanism and reduce charge carrier mobility.
The first charge carrier mobility obtained in soluble organic polymers lied in the range
of 10-5-10-4 cm2/Vs which compared to those measured in OTFTs fabricated by vacuum
3

evaporation technique seemed poor. Nonetheless, this method is still promising as it
fulfills the requirements for low-cost and large-area fabrication. Even the small
conjugated molecules with very low solubility have also been chemically modified to
become more soluble and can be coated from a solution (11). In the next section I
described organic semiconductors regarding the nature of charge carriers in them.

2.1

N-type organic semiconductors
The majority of charge carriers in the n-type semiconductors are electrons.

Development of organic semiconductor devices based on n-type semiconductors is not
as good as p-type ones. There are several reasons that make the n-type semiconductors
less suitable for large-area device fabrication. In contrast with p-type materials which
are not intentionally doped, conjugated polymers must be deliberately doped to become
n-type semiconductors and distribution of doped particles is difficult to control;
moreover, doping ions can move in the presence of an electric field which can make
disorders in operation of any device (12). Additionally, this type of organic
semiconductors showed a very low stability over time. C60 and TCNQ, examples of first
generation of n-type materials, have shown high reactivity with oxygen which makes
them incompatible with device operating under air.
Another problem with these materials is to find an appropriate metal electrode.
Metals with low work function are good choice as they can inject electrons to the lowest
unoccupied molecular orbital (LUMO), but metals with low work function such as Al or
Mg can be oxidized easily.
However, developing n-type semiconductors is interesting for researchers in order
to fabricate complementary circuits (13). With the purpose of fabricating these circuits
one must use both n- and p-type semiconductors with almost the same performance
which is challenging as p-type semiconductors have been vastly studied and developed,
while n-type semiconductors are still under development.
There are several ways that different research groups have invented to enhance the
performance of n-type semiconductors. It has been proved that efficient electron
injection to LUMO occurs in the n-type materials with high electron affinity (the
electron affinity of an atom or molecule is defined as the amount of energy released
4

when an electron is added to a neutral atom or molecule to form a negative ion). One
way to increase the electron affinity of a material is to attach electron withdrawing
groups to the aromatic
atic heterocyclic and macro-cyclic compounds or polycyclic
hydrocarbons such as oligothiophene, phthalocyanine and polyacene, respectively (14,
15).
Other research groups carried out extensive research on inserting dianhydride or
diimide electron acceptor groups in polycyclic aromatic hydrocarbon such
s
as
naphthalene and perylene and they obtained charge carries mobility as high as 2.1
cm2/Vs (16). Fullerene and its derivatives are other nn-type
type organic semiconductors that
have been widely investigated as they are good electron acceptor molecules (17, 18).
These n-type
type semiconductors have been used via vacuum deposition method. Solution
processable n-type
type semiconductors have also been broadly investigated. One of
Fullerene derivative, [6,6]
[6,6]-phenyl C61-butyric
butyric acid methyl ester (PCBM), is a good
example
ample for this branch of nn-type organic materials. 0.1 cm2/Vs is the maximum
mobility which has been observed for this material (19).
Shown in figure below are molecular structures of several n-type
n
organic
semiconductors.

Figure 3. Organic n
n-type solution-processable semiconductors.
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2.2

P-type organic semiconductors
The majority of charge carriers in the p-type semiconductors are holes. P-type

organic semiconductors have been investigated and developed widely. Acene and
thiophene derivatives are the most studied materials for OTFTs. For instance, pentacene
which belongs to the polyacene family, resulted in high mobility on the order of 2 cm2/
Vs (20, 21), and also large Ion/Ioff ratio, up to 108, have been reported for pentacene
based OTFTs (20). The π-extended hetero-arenes have also resulted in high mobility up
to 2.9 cm2/Vs (22). Tetrathiafulvalene (TTF) derivatives are also interesting p-type
materials for thin film device fabricating. However in the early years of using p-type
semiconductors they were coated by evaporation techniques. Owing to great interest in
improving the processability of these materials for low-cost electronics, extensive
research has been done to impart solubility to them.
One way to develop the solution processability is to make soluble precursor
compounds which can be converted to base semiconductor by heating or radiation
treatment. For instance, compound a and b in Figure 4 can be converted to pentacene
after heating (23). Films of both compounds prepared via spin coating of their solution
and they resulted in mobility up to 0.2 cm2/Vs (23). Compound c in figure below can be
converted to pentacene after UV treatment with the mobility of the order of compounds
a and b (24).

a
b

c

Figure 4. Functionalized precursor compounds for pentacene.

This method has also been used for thiophene, and mobilities of the order of 0.07
cm2/Vs were obtained (25). In addition, some research group also worked on
6

functionalisation of acene derivatives with the intention of making them soluble and to
increase π–π interactions (26).. High performance device with mobility of 1.42 cm2/Vs
using micro-ribbons of Triisoprop
Triisopropylsilylethynyl-pentacene (TIPS-PEN)) were reported
in 2007. The micro-ribbons
ribbons were prepared by injection of a concentrated solution
solut
of
TIPS-PEN
PEN in toluene into acetonitrile. It’s notable that TIPS-PEN
PEN is not soluble in
acetonitrile. Therefore this particular solvent exchange method led to another solution
processable semiconductor (27).
Grafting alkyl and alkylphenyl chains to thiophene derivatives is yet another way
to increase the solubility of these semiconductors. Mobilities in the order of 0.01
cm2/Vs have
ave been reported for these materials (28, 29).
There are several other methods that scientists have invented in order to boost the
solubility of these materials up, only the important ones have been mentioned here. The
following figure shows the molecular structures of several solution-processable
processable p-type
p
semiconductors.

Figure 5. Organic p
p-type solution-processable semiconductors.
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2.3

Organic semiconductor used in this research
In the present research, I report my studies on the performance of OTFTs using

two different organic semiconductors which are both XRCC products. The first one is a
regiolegular polythiophene which is a promising class of solution-processable p-type
organic semiconductor (30). The charge carrier transport in regioregular polythiophenes
is two dimensional, which happens in the plane with respect to the substrate (31). Their
molecular edge-on orientation in these materials improves the in-plane charge transport
which leads to high charge carrier mobility. The polythiophene backbones can be
considered as the mesogen of liquid-crystal molecules, and the alkyl side chains, their
flexible tails (32). Following figure is molecular structure of poly (3,3  didodecylquaterthiophene), PQT-12, which has been used in this research.

Figure 6. The PQT-12 molecular structure.

Another

organic

semiconductor

used

in

this

research

is

based

on

diketopyrrolopyrrole (DPP) as an electron acceptor with long alkyl chains in order to
improve the solubility of the polymer in such organic solvents like chloroform,
dichlorobenzene, etc. This polymer has been combined with thieno [3,2-b]thiophene
(TT) as a donor. Therefore the resulting copolymer has ambipolar transport
characteristic with mobility up to 1.0 cm2/Vs. In the present research I investigated the
p-type characteristics of DPP-TT (33). The following figure shows the molecular
structure of polymers used in DPP-TT semiconductor and its actual molecular structure.
Two different alkyl chains are connected to the nitrogen atom in DPP part in order to
increase the solubility of the resulted polymer in an organic solvent such as
dichlorobenzene.
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Figure 7.. Molecular structure of a. diketopyrrolopyrrole (DPP), b. thieno[3,2-b]thiophene
b]thiophene (TT) and c.
DPP-TT.

2.4

Cross-linking
linking process in organic semiconductors
Cross-linking
linking is the process of chemically connecting molecules by covalent or

ionic bonds and making long and functional molecular chains from the small ones. In
this method by introducing secondary bonds between adjacent molecular chains, one
can increase the mechanical and chemical stability and strength of the material. It is
desired and also challenging to keep the initial properties of the impacted surface.
Cross-linking
linking can be achieved by physical modifications such as flame, plasma,
UV, laser treatments and also by chemical reactions between added cross-linking
cross
agents
and the polymer matrix
ix (e.g. vulcanization of natural rubber with sulfur).
sulfur) In all
techniques a source of energy is needed to overcome the energy barrier of existing
bonds to break them and make radicals which tend to re
re-bond.
bond. In organic materials it is
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of interest to cleave C-H bonds and knock the hydrogen atoms off the surface and make
carbon radicals.
Some photons with short wavelength (λ ≤ 400 nm) are energetic enough to
activate many chemical reactions in the target. For example UV lamps are widely used
for polymer surfaces treatments and one of the applications is photon-activated crosslinking. Lasers are also photon sources with characterized energy and intensities which
can be significantly high (microwave range) are also used for treating polymer surfaces
to cause cross-linking and grafting. All the high energy photon treatments include
generation of radical sites at the surface which are not just carbon radicals as they are
energetic enough to knock heavier atoms off the surface. These radical sites lead to
cross-linking and also oxidization of the surface due to the presence of atmospheric
oxygen. With the purposes of keeping the initial chemical properties of the surface; this
process is not desirable. For example, it can change the surface energy of the surface.
Plasma can also be used to cross-link the polymeric films. In these methods the
polymer surface is exposed to gaseous plasma powered by one of the direct current,
alternative current and radio frequency or microwave irradiations. However, crosslinking is just one of the processes occurring during the plasma exposure. The chemistry
and physics of plasma treatment is very complicated and many bond-breaking processes
can take place and compete with the cross-linking process and decrease its rate. Ionized
particles in the plasma can accelerate in the electric field and generate large amount of
electrons and other ions with several electron volt energy. These secondary particles
frequently collide with other particles and polymer surface making excitation and bond
dissociation. The relaxation of these species emits energy either and leads to another
excitations. So in this case it is difficult to control cross-linking process beside other
process taking place that can even change the basic properties of the impacted surface.
One of the important factors for controlling the cross-linking rate and selectively
cleave existing bonds between atoms is the initial energy of reactants. Significant work
has been done on the appropriate precursor for treatment and their kinetic energy. For
instance, a beam of atoms or molecules carrying a specific kinetic energy which is
directed to a target is desired. However, reaching and maintaining an appropriate energy
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for a molecular beam was a process with very low throughput and not suitable for
industrial purposes.
Another group of cross-linking techniques includes chemical treatments which
introduce several chemical reactants to surface of impacted polymer. This reactive
unites help with reducing the energy barrier of existing bonds in the target and
facilitating the cross-linking process. And sometimes other reactants are used to control
the cross-linking rate and stop the process when desirable degree of cross-linking has
been achieved. Nevertheless, these groups of treatments are not quite efficient because
of using toxic materials, complex procedure and altering the desired properties of the
target.
In the present work we used hyperthermal hydrogen induced cross-linking (HHIC)
(34) method to cross-link the surface of polymeric PMMA films and make use of them
as the dielectric layer in the configuration of solution processable OTFTs.
This novel technique aimed to harness all the deficiencies of previous techniques
by generating sufficiently energetic neutral hydrogen projectiles to selectively cleave CH bonds and make carbon radicals on the surface fast, efficient, with high throughput
and without altering the initial properties of the target. This method will be explained
thoroughly in a separated part.

2.5

Application of cross-linking in OTFTs
Great research has been done about the applications of the cross-linked polymers

in OTFTs configuration. Generally cross-linked polymers have been used as the gate
dielectric layer in the structure of OTFTs. Basically, enhancing the insulating properties
of the dielectric layer and the hetero-junction structure is the purpose of cross-linking.
As it is desirable to make an OTFT which works at low range of voltage the dielectric
layer must be thin enough to be able to transfer the effects of voltage applied to the gate
electrode to the active channel. However, when a dielectric is relatively thin the leakage
current increases and disturbs the device operation. Dielectric materials with high
capacitance, or in the other words, high dielectric constant () perform with low amount

of leakage current. Therefore, it is favorable to keep the ratio of / as high as possible.
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For instance, it is reported that for a cross-linked PVA (through UV treatment) the
leakage current is two orders of magnitude less than untreated PVA at the same electric
field. M.-H. Yoon and his group used cross-linking of the dielectric as a method to
increase its capacitance instead of high temperature methods such as polymerization/
annealing (35). They cross-linked PVP and PS through chemical reaction by means of
several cross-linking reagents. The characteristics of measured OTFTs demonstrate that
cross-linked dielectrics perform as a better dielectric in the devices as they are strong,
smooth (low in surface roughness), adherent, high in the capacitance, low in the leakage
current, and also have less pinholes and defects. And as they are capable of operating
with ultra-thin thickness, they make the fabricated devices working in a low range of
gate voltage (0-5 V) (35).
Recently, Li and Zhao reported a high-performance OTFT on flexible PET
poly(ethylene terephthalate) substrate (36). They employed two polymeric layers
including

polyacrylonitrile

(PAN)

at

the

bottom

and

cross-linked

poly(methylsilsesquioxane) (PMSQ) on the top. The purpose of using PMSQ is to
afford high resistant against the solvent attack of the subsequent solution-based
semiconductor deposition (as they used organic semiconductor) (36). They confirmed
high values of 10.5 cm2/V s and 106 for holes mobility and on/off ratio, respectively by
measuring the characteristics of more than two hundred devices.
There are several other groups which worked on cross-linked polymeric and used
them as the dielectric layer in the OTFTs configuration (37-39).
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Chapter 3: Theoretical aspects of charge transport mechanism in
organic materials
The performance of all organic devices critically depends on the mobility and
movement’s efficiency of charge carriers (electrons or holes) within the semiconductor
materials. The charge carriers can be either injected to the semiconductors by metal
electrodes (OTFTs operation) or generated within the material by photon-induced
charge separation (solar cells operation).
The important parameter which can be used to describe the charge transport
mechanism is carrier’s mobility. Without any external electric field, the charge transport
can be simply characterized by the diffusion mechanism in which:
   

(3.1)

Where < l2 > is mean-square displacement of charge carriers, D is the diffusion
constant, t is time, and n denotes the dimension of the system (1D, 2D and 3D). The
charge carrier mobility is proportional to diffusion constant according to EinsteinSmoluchowski equation:
μ

 

(3.2)

Where e is the elementary charge and KB is the Boltzmann constant. In addition,
by applying an external electrical field, mobility would be defined as following:
μ




(3.3)

Where, v is the drift velocity of carriers in the presence of the electric field F. The
unit of the carrier mobility is cm2/Vs (as it is related to charge carriers velocity under
external electric field).
In a general view, charge transport phenomenon in materials is a combination of
electronic and electron-phonon interactions (phonon is a quasi-particle representing the
excited states of the vibration’s modes in an elastic structure of interacting particles).
Electronic interactions in inorganic materials, made of strong covalent bounds, play an
important role in charge transport mechanism, while electron-phonon interactions
contribute much less and can be considered as the scattering phenomena of highly
13

delocalized charge carriers in the lattice. On the other hand, in organic semiconductors,
a great portion of charge transport mechanism accomplishes by electron-phonon
interactions. In other words, electron-phonon interactions not only do not cause
perturbation in charge transport mechanism in this case but also result in formation of
the quasi-particles, termed as polarons, in which a polarization field (so called phonon
clouds) accompanies a charge carrier (40).
By considering the tight-binding approximation one can simply comprehend the
electronic and electron-phonon interactions, the electronic Hamiltonian in this model is
given by (40):

    
  





  

(3.4)


In which, 
and  are creation and annihilation operators, and  is the

electron site energy and



is transfer integral, for an electron in the lattice site m. The

site energy and transfer integral are defined by following equations:
     


    

 !| | 



 !| | 



!

!





(3.5)

(3.6)

localized molecular orbital is considered on each site (r) (41).  and  denote
Here Rm and Rn denote the position of site m and n, respectively, and a single

Orbitals which are assumed to be orthogonal, however if we consider different HOMOs

(highest occupied molecular orbitals) or LUMOs in the different sites this assumption
does not work. In organic materials with weak van der Waals interactions in molecular
structure, two sources of electron-phonon interactions can be defined with respect to
energy  can be varied by internal vibrations as a result of electron-phonon

internal (intra-molecular) and external (inter-molecular) modes of vibration. The site

interactions, which leads to internal modes of electron-vibration. And it can also be
affected by crystal potential and be changed by external vibrations. The overall
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electron-vibration interactions which makes the entire modulation of the site energy is
named local coupling (42). The second source of electron-phonon interaction depends
on the spacing and relative orientations of adjacent molecules which can affect the
transfer integral,

 .

The variation of transfer integral by lattice phonons is called

nonlocal coupling (43). In organic materials, both local and nonlocal electron-phonon
coupling play significant role in charge transport mechanism.
The Hamiltonian including electron-phonon interactions can be expanded over the
phonon’s coordinates. Thus, the Hamiltonian in the linear electron-phonon coupling
approximation is as following (40):
&
&
    #$  %#$
 %#$

(3.7)

Which is the combination of electronic, phonon and electron-phonon subsystem’s
Hamiltonians representing all interactions in the system. They are defined as following
(40):
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(3.8)
(3.9)

(3.10)

(3.11)

are energy site and integral transfer at reference (equilibrium)

coordinates. And, N represents the total number of unit cells (as crystalline organic

structure is assumed). #$ is the Hamiltonian of phonons in which j denoted phonon’s

interactions is split into local and nonlocal interactions, and 3 1, 5! and 3 1, 5!

branches (acoustic and optical branches). The Hamiltonian of electron-phonon
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represent the corresponding local and nonlocal coupling constant. ,*+
and ,*+ indicate

creation and annihilation operators for a phonon of branch j and energy of ħ)1+ with
wave vector q in the phonon subsystem.

3.1

Electron coupling
A number of computational theories have been developed in order to simplify and

estimate the value of electron-electron interactions. In the most precise method, the
magnitude of this interaction is described by the matrix element of
 ;9 |H|;: 

9:

(3.12)

Where H is the electronic Hamiltonian and ;9 and ;: are wavefunctions of two

diabatic states (localized states) in the absence of any coupling between molecular units

(44). However, the characterization of diabatic states (which are not diagonal with
respect to electronic Hamiltonian) is not easy. Therefore, some other approaches have
been introduced which the most simplest is the one in which, the electronic interaction
energy is equal to energy difference between two diagonal states (adiabatic states) ;́9
and ;́: (44):

9:

 =9 – =: !/2

(3.13)

Another method (Koopman’s theorem), which is based on one electron
approximation, suggests the absolute value of electron coupling interaction equal to :


?0@AB – ?@A%0B
2

(3.14)

?@A%0B and ?0@AB are the energy states of LUMO and LUMO+1 (or HOMO-1

and HOMO). Recent studies demonstrated that this method is a good approximation for
measuring the transfer integral energy of an electron (electron coupling interaction)
moving from one oligomer to the next one (45).
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3.2

Electron-phonon coupling
Electron-phonon interaction in an organic medium can be considered in local and

nonlocal types of interaction. Local electron-phonon interaction occurs when electron
coupling is considerably weak in the system (

 =0).

By considering only local

electron-phonon interaction, 3 representing nonlocal interactions is equal to zero.

Therefore, the energy resulted from a Hamiltonian written for a charge carrier in the

system can be given by following equation (standard Holstein-type polaron model (46)):
=   
'!

1
 ħ)1+ |3 1, 5!|
/
1+

  ħ)1+ C
1+

*+

(3.15)

1
 D
2

In which the middle term of energy is referred to polaron binding energy, Epol.
=#E& 

1
 ħ)1+ |3 1, 5!|
/
1+

(3.16)

When a charge carrier localized on a given state lattice geometry deforms, this
process results in polaron energy. Thus polaron energy is highly related to
reorganization energy. By expanding the site energy over molecular coordinates,

F 5!, contribution to the polaron biding energy can be obtained:

1
'!
 5!
 F!     G 5!F 5!   H+ )+ F
2
+

Where

+

I
G 5!  C
D
IF 5! JK'

(3.17)

(3.18)

Here  represents the energy of a molecular orbital which are HOMO and

LUMO orbitals in the holes and electrons charge transport regime. Indeed, equation
(3.17) corresponds to the energy states of a molecule in the system. Figure 8 illustrates
the energy states of a molecule in neutral and excited state (for a charged molecule).
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Upon
pon vertical transition from neutral to the excited state geometry relaxation energy
(λrel) occurs. The relaxation energies in neutral and exited states are equal and can be
obtained from following equation:
(3.19)

Here

is the reduced mass of mode

with energy of

, and it is assumed

that are the molecules are the same in terms of vibrational Hamiltonians, therefore the
index m is dropped as it labels each molecule. It is discussed in more details elsewhere
elsewhe
(47, 48) that reorganization energy ((λreorg) associates with overall relaxation energy
occurring in a transition. For that reason one can consider:
(3.20)

According to the definition of the polaron binding energy which associates with
lattice deformation when a molecular excitement occurs one can consider it
approximately equal to the relaxation energy. Therefore:
(3.21)

Figure 8. Schematic energy stats of a molecule in the neutral and exited stat
states.
s. Dashed lines show
(1)
(2)
vertical transitions and λrel and λrel represent the relaxation energies in the neutral and excited
states, respectively. ΔQ stands for geometrical displacement and Q represents
sents different modes.
modes
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3.3

Polaron models
Generally, the total mobility of free charge carriers in an organic material is

expressed by the summation of two contributions caused by different phenomenon (42,
49, 50):

L  LMN  L$E#

(3.22)

In the above equation the first term stands for charge transport via electron
tunnelling happening at low temperatures and the second term comes from hopping
phenomenon which mainly occurs at high temperatures. The contribution of each term
is highly dependent to microscopic parameters of the system such as electronic and
system with weak electron-phonon coupling ( 3 O 1) the mobility is dominated by
phonon bandwidths, electron-phonon coupling and phonon energy. For instance for a

tunneling transport. However, in the system with strong coupling ( 3 P 1 ) three

proportional to  % and the charge transfer mechanism is dominant by tunneling effect

discrete temperature-dependant regime happen. At low temperature mobility is

as the temperature increases hopping charge transfer mechanism contributes more. At
very high temperatures at which the thermal energy is sufficient to break the polaron,

and subsequently electrons will be scattered from phonons, the mobility will decline
while the temperature increases. Figure below shows the discussion about the
temperature dependence of mobility in a system with high electron coupling.
Temperatures T1 and T2 illustrate the boundaries for relatively high and low
temperatures.
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Figure 9. Polaron model prediction of mobility versus temperature in a system with strong local
coupling.

Extensive research has been done by Holstein on modeling and analyzing the
experimental results of mobility measurement in different transport regimes (42). In this
study the hopping mechanism and hopping mobility µhop can be expressed in terms of
diffusion coefficient, D. In a one dimensional system D is given by
indicates space between molecules and

in which

denotes the hoppling rate or electron

transfer rate between adjacent sites. In the case of a system with the coupling constant g
and electron-phonon
phonon interactions with phonon energy of

, the hopping rate is

characterized as following
following:

(3.23)

In the classical model which ħ

the hopping rate becomes:
(3.24)

It is considered that

(equation 2.21), therefore, charge carriers

mobility in the hopping process using equations 3.2 and 3.24 will be:
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L$E#

0
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2 

(3.25)

At high temperatures (=#E& O 2 ) charge carrier mobility is proportional to

 %W/ ; this illustrates the boundary between temperature-active regime (hopping
transform) and residual scattering.

mobility LMN . According to the band theory tunneling mobility is an expression for drift

Another term which contributes in the total mobility equation is tunneling
X

mobility which is equal to 

YZZ

, where [ is the mean relaxation time (the time between

two consecutive collisions between charges) and \]^^ is the effective mass of charge
ħ_

carriers. For instance in a one dimensional system is equal to M9_ . It is assumed that

charges move freely in a wavelike manner but scatter from phonons from one state to
another. Indeed, the scattering phenomenon causes the wavelike motion of charges turns
into diffusion motion. If we assumed that all band states are identical in population then
the tunneling mobility in a more detailed way is:

Where,

LMN 

2  [!
  ħ



!

ħ)'
!  exp C3 coth C
DD
2 

(3.26)

(3.27)

By some mathematics analysis con can relate the relaxation time [! to hopping

rate def . They are inversely proportional [!  1/2def (the factor of 2 appears as

there are two nearest neighbor available to hop for an electron in a one dimensional
the relation between [ and def one can derive the below equation for LMN :

system). Therefore by affecting equation (3.24) into the equation (3.27) and considering

LMN 

0
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(3.28)

As can be seen the equation does not depend on t any more as several assumptions
have been taken: (i) the band energy is narrow and, (ii) the temperature is high and
larger than electronic bandwidth.

Figure
10..
Graph
of
temperature dependence of
mobility illustrating both
tunneling
neling
and
hopping
contributions for a system
2
with coupling constant g = 10
(41).

By plotting the graph of equations 3.25 and 28, it is feasible to illustrate the
temperature dependence of both hopping and tunneling mobility graphically. Figure 10
shows a crossover from one regime to another regime of charge transport as hopping
mobility is temperature-activated.
activated.

3.4

General view of charge transport mechanism in organic
materials
Generally, charge transport mechanism in organic materials is completely

different from inorganic
organic ones. In inorganic semiconductors like silicon, where all atoms
are bounded together with strong covalent bonds, charge transfers occur via delocalized
states in an energy band transport system (for example excited electrons can move from
valence band up to conduction band where they can move freely and be responsible for
the conduction of electric current under external electric field). On the other hand, the
electronic properties of organic semiconductors are determined by the intrinsic and
delocalized π-electrons
electrons along the polymer backbone, electron
electron–phonon
phonon coupling, and the
existence of disorders in them, which make this process more complex than that in the
inorganic materials. Hypothetically, for the infinitely straight neutral polymer chain,
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there is a specific band gap in the order of several electron volts between
betwe HOMO and
LUMO states (51). However, in the presence of strong electron
electron-phonon
phonon coupling and
disorders in the finite length of polymer chains, the charge transports is not that simple
and make localized polarons surrounded by a region of molecular distortion. By
definition, polarons are quasi-particles include a charge and its accompanying
polarization field.. For instance, a slow
slow-moving electron in a crystal,, interacting with
lattice ions through long--range forces will permanently
ntly be surrounded by a region of
lattice polarization field
field. Two main parameters characterizing the charge carrier
carr
mobility in this case are 1. electron coupling between
etween adjacent molecules and 2. the
reorganization energy

.

Figure 11. A typicall schematic energy band
diagram; EC, EV and EF are the conduction
band, valence band and
d Fermi energies. Also
shown is the density of state (DOS) of charge
carriers in disordered semiconductors.
semiconductors

The reorganization energy is defined as the geometrical relaxation energy of a
molecule when it goes from neutral state to charged state plus the geometrical relaxation
energy of neighboring molecule upon the inverse process. These two parts of
reorganization energy are approximately the same (47). For the efficient charge
transport process the value of reorganization energy needs to be small.
In general it is agreed that at least in room tem
temperature
perature charge transport process in
organic materials is based on hopping transport mechanism (localized polarons hopping
between neighboring sites). Since this process has interaction with phonons; it is
thermally activated. It is granted that the molecu
molecular
lar configuration of initial site should
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be the same as final sites. Therefore a distortion is needed to make a common molecular
configuration for both occupied and empty states. When the time scale for hopping
process is longer than that of the lattice vibration (it also described by diabatic limit)
=#

k exp C
D
 
2 

and disorders are negligible, mobility can be given as following (52):
Where  and

µ

(3.29)

are mean hopping distance and electronic charge, respectively; T

denotes temperature and  is Boltzmann’ constant. And k is called attempt frequency
which is equal to:

k

√R W m

2=#  
4

ħn

Where ħ is Planck’s constant and

(3.30)

m is nearest neighbor interaction energy.

However, in the most organic materials the mobility of the film is influenced by
disorders of the system due to the random orientation of the polymeric chains, structural
defects and chemical impurities.
In spite of all extensive work done on the charge transport mechanism in organic
materials, it is still a doubtful process. Actually, hopping mechanism is not simply
explaining the whole fact behind the charge transport processes since studies in some
special type of organic semiconductors elucidated that the mobility does not increase
when the temperature rise up also, increased with decreasing temperature like in the
inorganic semiconductor and after reaching a maximum declined (53, 54).
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Chapter 4: Experimenta
Experimental
4.1

Device fabrication
In principle, in a thin film tr
transistor the current flowing in an active channel

(semiconductor layer) between source and drain electrodes is modulated by the variable
voltage applied to the gate electrode, indeed, the origin of a field effect process comes
from here. Therefore, the current in the active channel is controlled by the electric field
produced by applying voltage at gate electrode. Assume a pp-type
type organic semiconductor
layer connected to source and drain electrodes, whe
when
n no potential is applied
app
at
electrodes, charge carrierss which are holes in this case move freely and randomly in the
channel and total current flow is equal to zero.

Figure 12. Schematic energy diagrams of p and n channel organic
nic thin film transistors. Ef and WF,
represent the Fermi level and work function of source and drain metal electrodes. IP and EA denote
the ionization energy and electron affinity of semiconductor.

However, after applying a potential difference at the eelectrodes
lectrodes a very small
current (~ 1 pA) will flow between them due to vvery
ery low density of charge carriers.
carrier
Now, if we apply voltage to the gate electrode the subsequent electric field in the
dielectric medium will shift the energy levels of active channel (semiconductor), which
make electrons or holes be injected from source and drain electrodes to the active
activ
channel and increase the density of free charge car
carrierss in the active layer so that the
current will increase. If a positive gate voltage is applied the HOMO and LUMO
orbitals of active channel will shift down and Fermi level of metal electrode lines up
25

with LUMO of the semiconductor (Figure 12). In this case electrons will flow from the
metal to the LUMO and material will behave as the n-type semiconductor. In contrast, if
the negative voltage is applied to the gate electrodes the LUMO and HOMO of the
active channel will shift up and HOMO becomes resonant with the Fermi level of metal
electrodes (Figure 12). Then electrons will flow from HOMO to Fermi level or better to
say holes will flow from Fermi level of metal to the HOMO of active channel. In this
case the majority of free charge carriers are holes and semiconductor behaves as a ptype one.
Therefore the design of the device configuration, choice of metal electrodes and
dielectric layer and all interfacial junctions affect the performance of the device. For
example, it is important to choose the metal electrodes according to the nature of
semiconductor. Majority of organic semiconductors are p-type by nature, so in this case
it is better to select a metal with high work function in order to have an efficient holes
injection. And the choice of dielectric is also important as it affects the electric field
generated along it and the current leakage and also the quality of interface with organic
semiconductor. The commonly used dielectric layer for both vacuum deposited and
solution-processed OTFTs is SiO2 grown on highly doped silicon wafer (served as the
gate electrode). However, the surface energy of cleaned SiO2 is high and not compatible
with the organic semiconductor layer (which generally has a low surface energy). A
number of surface modifications have been developed to decrease the surface energy of
SiO2 and have a better interface between dielectric and organic semiconductor. One of
the solutions is to grow silane-based self-assembled monolayer on the surface of SiO2 in
order to change its hydrophilic surface to hydrophobic.
In the present work, an organic solution-processed dielectric was used, as they are
appropriate choice for large-area, low-temperature and low-cost fabrication. The
modification method and enhancements will be described later.
Top-contact and bottom-contact are the two common configurations of OTFTs
which are shown in Figure 13. In the top-contact configuration the source and drain
electrodes are deposited (usually by thermal evaporation method) on the top of the
organic semiconductor layer (fabricated in the present work); however in the bottom-
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contact configuration, they are deposited on tthe dielectric layer before depositing the
semiconductor.

Figure 13. Two common
mmon configurations of OTFTs: a. top
top-contact and b. bottom-contact
bottom

The important parameters of OTFTs are the channel length L, channel width W,
and the capacitance per unit area of the dielectric with thickness d, (

4.2

.)

Device operation
The representative characteristics acquired in OTFTs ar
aree transfer and out-put
out

curves (Figures 14 and 15). In the oout-put
put characteristic shown in Figure
F
14, the
variation of current between source and drain (ISD) by changing the potential difference
diffe
of them (VSD) at different gate voltages (VG) is studied. Typically, the current is
described by a parabolic including two regimes, the linear and saturation. In the linear
regime the source-drain
drain current increases by raising the source
source-drain
drain voltage and then
plateaus in the saturation regime and become independent of source-drain
source
voltage.
Indeed, at any gate voltages initially the source
source-drain
drain current will increase by increasing
the potential difference between source and drain electrodes till it reaches
rea
to a
maximum. When the source
source-drain
drain current is the maximum; the whole charge carriers
are contributing to the charge flow process and increasing the source-drain
source
voltage
cannot raise the current. However, by increasing the gate voltage one can enhance the
process of charge injection into semiconductor and increase the maximum current. The
two transport regimes are described by following equations:
In the linear regime:
(4.1)
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And in the saturation regime:
(4.2)

Where

is threshold voltage which can be calcu
calculated
lated from the transfer curve.

The following
ollowing figure shows the characteristic of an OTFT fabricated at XRCC in July
2012.

Figure 14. Out-put
put characteristic obtained from an OTFT fabricated at XRCC. The dotted line indicates
the boundary between linear and saturation regimes. Gate voltage increased 2 V at each step.

The dielectric is SiO2 thermally grown on heavily n-doped
doped silicon wafer
wafe which is
the gate electrode in this configuration. The SiO2 surface was first cleaned with
isopropanol and then with argon plasma. Afterwards the wafer was immersed in the 0.1
mM toluene solution of octyltrichlorosilane (OTS) at 60 ˚C for 20 min,
min in order to
modify the surface. Self
Self-assembled monolayer of OTS on the SiO2 can practically
change its hydrophilic nature to hydrophobic
hydrophobic. A 0.3 wt % PQT-12
12 solution in
dichlorobenzene
ene was prepared and heated then
n sonicated for 10 min while it was
cooling down to room temperature. Afterwards, it was filtered through 1 µm filter and
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then spin coated on the OTS-modified silicon wafer surfaces to form PQT-12
semiconductor layers with the thickness about 20-80 nm. The semiconductor layers
were then dried in the vacuum oven and annealed at 140 °C for one hour. Source and
drain electrodes were vacuum deposited using Edwards E306A coating system via a
shadow mask the desirable thickness is about 60 nm. Substrate was at the room
temperature while gold was thermally evaporating and depositing. Deposition pressure
was maintained about less than 10-5 mbar. The channel length (L) and channel width
(W) for measured transistors was 90 and 5000 nm, respectively.
In the transfer curve the variation of source-drain current with respect to gate
voltage at specific source-drain voltage is studied. Typically the source-drain voltage is
at a high voltage (in the saturation regime) then the gate voltage sweep from positive to
negative or vice versa with respect to nature of conduction channel. Since the device
operates in the saturation regime, equation 4.2 describes the device operation. It is of
interest to plot the line of square root of source-drain current versus gate voltage in
order to find the intercept point with the horizontal axis which denotes the threshold
voltage. It is desired to make a device with a threshold voltage close to zero as it is the
start point for device operation or the point from which conduction channel starts to
form. Mobility can also be calculated from the slope of this graph as the following
equations express:
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Another important parameter is Ion/Ioff ratio, which the ratio of current in the
accumulation mode (the highest current) to the current in the depletion mode (when
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there is no charge carrier injected from metal electrodes). It is desire to keep this value
as high as possible. Following graph is the transfer characteristic of an OTFT made at
XRCC (Figure 15). The fabrication procedure is thoroughly described in the previous
part. Conduction channel mobility is 0.09 cm2/Vs. The threshold voltage and Ion/ I off
ratio were obtained about 2 V and 106, respectively.

Figure 15. Transfer
ransfer characteristic of an OTFT fabricated at XRCC.. The mobility of the conduction
channel and the threshold voltage were calculated from the slop and intercept of SQRT of drain
2
current (ISD ) versus VG , and values are 0.09 cm /Vs and 2 V, respectively.

4.3

Instruments
The research carried out in this thesis involved working with several instruments

for fabricating, treating, measuring and testing the samples. In this chapter each
instrument is introduced and discussed comprehensively. In addition their experimental
setupp used in the experiments will be described either.

30

4.3.1 Hyperthermal hydrogen induced cross-linking (HHIC)
Hyperthermal hydrogen induced cross-linking (HHIC) instrument has used in the
present work as an effective method to cross-link the molecular moieties on the impact
surface of the polymeric samples.
This instrument has recently been developed (34) at the Surface Science Western
(SSW) where is a research laboratory collaborating with the University of Western
Ontario. The basic concept, theoretical framework and experimental setup of this
instrument have been thoroughly described elsewhere (34, 55-58), however it is
appropriate to mention them in this work to some extent.
4.3.1.1

HHIC and the theory behind it

HHIC method is a powerful tool to cross-link organic molecular chains in the
impacted samples; this is especially true for samples with organic moieties with making
no change in their innate and desirable properties.
In this instrument a gaseous H2 beam is generated with appropriate kinetic energy
up to 20 eV (59) to be directed and collide with the surface of the samples and break the
carbon-hydrogen bonds by knocking off the hydrogen atoms. Therefore, this
phenomenon leads to generation of numerous carbon radicals on the impact surface. As
these carbon radicals are unstable they tend to make a covalent bond which yield several
cross-links on the surface of the impact samples without altering the innate properties of
them. Therefore, as it is desired, organic moieties of the sample are cross-linked via
covalent bonds.
This question may arise that why the collisions between hydrogen projectiles and
molecules in the sample result in hydrogen extraction from the molecules on the surface
of the sample not other atoms. To answer this question we should consider the
theoretical framework of binary elastic collisions. By taking into consideration that
hydrogen projectiles and atoms on the surface of the samples are hard spheres we can
apply fundamental of elastic collisions to this phenomenon.
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Assume that the hydrogen projectile has initial velocity 0 and mass \0 and a

static atom (  0) on the surface of impact sample with mass \ , according to the
conservation of momentum in both x and y directions:

\0 0  \0 0 cos 0  \  cos 

(4.6)

0  \0 0 sin 0  \  sin 

(4.7)

All the angles are relative to 0 direction, therefore 0 and  are scattering

angles of \0 and \ after the collision.

1
1
1


\0 0  \0 0
 \ 
2
2
2

And along with the energy conservation theory we have:
(4.8)

After exerting the equations (4.6) and (4.7) in the equation (4.8), one can derive:
1
1
4\0 \

\ 
 \0 0
cos  !
\0  \ !
2
2

(4.9)

Which one can consider the above equation in terms of initial and final kinetic

energy of \0 and \ , respectively:
 

4\0 \
cos θ ! 0
\0  \ !

(4.10)

From the above equation one can extract the ratio of transferred kinetic energy
from the moving particle (hydrogen projectile) to the static atom (atoms on surface of
impact sample). For instance, when an elastic collision occurs between hydrogen
projectile and carbon atom, the maximum fraction of transfer energy can be determined
{ _
_ 0
{ _ !

by 

; by substituting \0  1 and \  12 as hydrogen and carbon atomic
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mass this fraction will be about 28 % on 0 . In this case as the initial kinetic energy of

hydrogen projectile is about ~ 10 eV only 3 eV will transfer to the carbon atom. For a
carbon atom in the C-H bond with bond-dissociation energy about 4.25 eV, this
transferred energy is not sufficient to break the bond. However, if the hydrogen
projectile collides with a hydrogen atom on the surface of impact sample, its major
energy will transfer to the target which is enough to break the C-H bond and knock the
hydrogen atom off the surface and generate a carbon radical. As described, by
controlling the energy of hydrogen projectiles it is possible to selectively make a
hydrogen cleavage process on the surface of the sample.
4.3.1.2

HHIC and its construction

Figure 16 shows the HHIC reactor structure. The entire system based on four
elemental parts. First block which is located on the top of the reactor (block a in the Fig
14) is responsible for generating and maintaining the electron-cyclotron resonance
(ECR) plasma based on the microwave radiation.
A gaseous environment containing free electrons is presented to the microwave
radiation and also a strong dc magnetic field. Free electrons affected by magnetic and
microwave energy start rotating around the chamber, accelerating and also colliding
with the neutral molecules in the background gas and ionizing them.

The magnetic field is generated by a solenoid electromagnet set to   85.7 T, and

the microwave energy is applied by a magnetron at a frequency of 2.45 GHz. The
generated microwave energy is directed to the plasma chamber through wave guides
with a setup which provides the maximum efficiency for energy absorption in plasma
and minimum energy reflection to the magnetron. The plasma chamber is separated
from the main chamber (block b in the Figure 16) by a mesh electrode. This electrode is
set to ground which leads to the extraction of charge particles from the plasma and
direct them to the main chamber. It also prevents passing the microwave ration from the
plasma chamber to the main chamber.
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Figure 16. Photograph
ograph of HHIC reactor. Block a. consists of several components responsible for ECR
plasma generation; block b. is the main chamber where the ssamples
amples are located, and block c. is the
analytical chamber where the residua
residual particles are being analyzed.

Block b in the Figure
ure 16 shows the main chamber which is a cylindrical area
between plasma and analytical chamber. It includes sample stage, shutter, accelerating
and decelerating electrodes and pressure gauges. At the very top of the chamber the
accelerating electrode set to hig
high negative voltage (~ -100 V)) is launched which extract
positive ions from the plasma. Right above the shutter and sample stage at the bottom of
the chamber the decelerating electrodes are launched which are set to high negative and
positive (~ -50 V and 100
00 V
V) voltages to prevent any charge particle hitting the surface
of samples.
The area between accelerating and decelerating electrodes is called drift zone. In
this area charged particles extracted from the plasma collide with neutral molecules of
the background gas (hydrogen). These neutral molecules take the energy in and are
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directed to the sample stage. Consequently, as the hydrogen projectiles are neutral, they
can pass through decelerating electrodes and hit the surface of the specimen. All the rest
of residual electron and positive ions will be repelled from the decelerating electrodes
and won’t be able to reach the surface of specimen.
The third block (block c in the Figure 16) is analytical chamber which contains a
SIM300P made by Hiden Analytical Inc equipped with the secondary electron
multiplier (SEM) detector. The purpose of this chamber is to quantify the HHIC method
in terms of energy of hyperthermal neutral molecules and also to use the spectrometer to
measure the background gas and main chamber contaminations. The operation of this
chamber is not necessary for routine operations. For instance, in the present research as
I was informed about the conditions of the operation to have desired energy for
hydrogen projectiles I did not use this chamber.
The last fundamental block of HHIC reactor is the vacuum system. It performs a
very vital task as all the reactions inside the instrument must be done under a high
vacuum. It includes several vacuum pumps to evacuate the chamber and also pressure
gauges to monitor the maintained pressure. By means of a Leybold Trivac CFS 16-25
single-stage rotary vane pump system reaches a low pressure (~1 mTorr) from the
atmospheric pressure. Then after reaching to this background pressure two Pfeiffer TPH
521 turbo pumps evacuate the system to lower pressure around 5×10−6 Torr. Regularly,
all the vacuum generating components are left on to decrease the possibility of
contamination (34).

4.3.2 Time-of-flight secondary ion mass spectrometry (TOF-SIMS)
TOF-SIMS is a surface-sensitive analytical method that employs a pulsed ion
beam to remove molecules from the outermost surface of the specimens. These
secondary ion fragments generated from the surface of the impact sample are then
extracted by high voltage and accelerated through the detector. Afterwards, their mass is
determined accurately by measuring the time at which they arrive at the detector (timeof-flight). TOF-SIMS has three operational modes: negative and positive ion
spectrometry with mass resolution in the order of thousandth (0.001) amu, surface
imaging with sub-micron imaging capability to monitor any mass number of interest
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and depth profiling which allows investigation of sample’s components and chemical
species in its depth.

Figure 17. Schematic diagram of ION-TOF TOF-SIMS IV instrument
(http://www2.fkf.mpg.de/ga/machines/sims/How_does_TOF_SIMS_work.html).

ToF-SIMS instrument in general includes three major parts: a high vacuum system
which is necessary to raise the mean free path of accelerated into the flight path; a
particle gun, that to bombard the surface of the impact sample and generate the
secondary particles; and finally a flight path, which is either circular in design or linear
(reflecting mirror) ended to a mass detector system.
Beside all the strength of TOF-SIMS as an analytical instrument which a few of
them mentioned above it also has a number of limitations. For instance, TOF-SIMS
does not produce quantitative analyses rather I should say it is a semi-quantitative
analyzer. Besides, its optical resolution is also limited; resulting in difficulties to find
the regions of interest for analysis. Usually, an image shift happens when the operators
switch from positive to negative ion data collection mode; this makes it complicated to
gather positive and negative ion data from the same spot; and last but not least, collected
data is extremely rich and take days to work on, so it is highly recommended to have a
clear propose in collecting, analyzing and interpreting the data.
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In the present work, an ION-TOF (GMBH) TOF-SIMS IV (münster Germany)
instrument has been used to study and scrutinize the cross-linking phenomenon and its
exerted effects on the interfacial structures. The selected method for investigation and
identification the cross-linking process both on the surface of polymeric samples and in
the interfacial formation will be introduced and elucidated later by means of TOFSIMS.
A pulsed of 25 keV Bi3+ cluster primary ion beam (with a pulse width less than 2
ns and a target current of ~1 pA) was used to bombard the samples and generate
secondary ions. The secondary ions were extracted by an electric field (2 kV), mass
separated, and detected trough a reflection type of time of flight analyzer. The cycle
time for the processes of the bombardment of the primary ion beam and the detection of
the secondary ions was 100 µs. A pulsed, low energy (~18 eV) electron flood was used
to neutralize sample charging; the current was maintained below ~20 µA maximum to
avoid sample damage. The base pressure of the analytical chamber was ~ 1×10-8 mbar.
For each sample, spectra were collected from 128 × 128 pixels over an area of 500 µm ×
500 µm. The negative secondary ion mass spectra were calibrated using H¯ , C¯ and
CH¯ , as well as the characteristic fragments associated with the monomers of the
polymers. The mass resolution (the ration of a mass peak center to the peak width) at
negative ions C2H¯ and C6H¯ were about 2800 and 4400, respectively. An ion image
was obtained by plotting its intensity from each pixel (a brighter area corresponds to a
higher intensity and a darker area a lower intensity). At least two sampling areas in the
region of the grid were chosen to check the uniformity of data for negative ion spectra.

4.3.3 Atomic force microscopy (AFM)
Atomic force microscopy (AFM) is one of the members of scanning probe
microscopy (SPM) family. They are mechanical probe microscopy that measures
surface morphology as high resolution as atomic scale. Scanning tunneling microscopy
(STM) is invented in 1981. Surface morphology in STM is measured by maintaining a
constant current (caused by the tunneling effect) between the tip and the biased sample.
However, requires conductive samples. Because of this weakness, AFM was developed
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in 1985 to measure surface morphology of all type of samples either conductive or
insulator.

Figure 18. Schematic diagram of atomic force microscopy (AFM) components
(http://www.geobacter.org/Nanowires).

AFM operates by measuring the force between the silicon tip with
approximately 10 nm radius and the outermost layer of the surface of samples. The
lateral resolution of AFM (used in air) is limited by the size of the apex of the tip (in
practice ~several nm); however the vertical resolution is < 0.1 nm.
In order to obtain a morphological image AFM measures the deflection of the
cantilever caused by the interaction force between the tip and the sample surface. The
deflection is measured with an optical system with a laser beam reflected from the end
of the cantilever where the tip is attached. The reflected laser beam is directed to a foursegmented position-sensitive photo-detector (Figure 18).
The interactive forces between the tip and sample are used as the feedback
parameter. The AFM scans the sample with a scanner which controls movement of the
tip (or the sample). The feedback system keeps the interactive force constant by
adjusting the tip-sample distance.
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In the present work, surface morphology was imaged using a Park Systems XE100 AFM. A silicon cantilever with a nominal spring constant of 40 N/m, resonant
frequency of 300 kHz and tip radius of 10 nm was operated under the dynamic force
mode (amplitude-modulated or non-contact mode). In this mode, the cantilever is
vibrated around its resonant frequency and its reduced oscillation amplitude is used as
the feedback parameter to image the surface. Images of 256 × 256 pixels on different
area were collected.
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Chapter 5: Results and discussion
5.1

Investigating the degree and depth of cross-linking by HHIC
treatment
It is necessary to develop an analytical approach to confirming the cross-linking of

molecular chains by HHIC. Since the whole process is defined and explicated
theoretically and the only experimental approach to confirm that HHIC cross-links the
molecular moieties of organic materials on their outermost surface is to look at the
interfacial structure of the multi-polymeric samples; it was decided to fabricate single
polymeric layer on the silicon substrates and treat them by HHIC reactor selectively and
subsequently investigate them by means of TOF-SIMS. TOF-SIMS results illustrated a
number of distinctions between HHIC treated and untreated areas on the samples leaded
to a method to identify the cross-linked areas and depth of them. This chapter is about
the sample preparation, experimental setup and data analyzing to investigate the degree
and depth of cross-linking by HHIC reactor.

5.1.1 Samples preparation and data collection
0.5 wt% poly(methyl methacrylate) (PMMA) solution in chloroform was prepared
and sonicated for 15 min. Afterwards, solution was deposited on clean silicon wafers
through spin-coating technique. The spin-coater was set to the 4000 rpm and 1 min
spinning time and syringe was set to 10 µL drops. Cleaning process for silicon wafers
includes rubbing their surface with cotton tippets and isopropanol followed by
sonication in methanol and UV-ozone treatment for 10 and 30 min, respectively. A
stylus type of profiler (Tencor, P-10) was used to measure the thickness of deposited
PMMA on silicon wafers which is an essential value for depth profile analysis. The
average thickness was roughly about 200 nm. Thickness was measured after collecting
TOF-SIMS data. The most three homogenous PMMA coated films were chosen for
HHIC treatment (thickness range was about 190-220 nm).
Prepared samples were treated by HHIC reactor or rather I can say neutral
hydrogen projectiles for different durations including 30, 60 and 300 s. A cupper grid
with 200 mesh was placed on the surface of samples for obtaining more informative
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data and investigating the differences between exposed and unexposed areas to the
hydrogen bombardment.
In each run after placing the sample inside the HHIC reactor the main chamber
evacuated through the rotary and turbo pumps down to 2.0 × 10-6 Torr. However, after
introducing a small amount of hydrogen gas chamber’s pressure came up to 0.88 mTorr.
 87.5 mT for all experiments. Accelerating voltage which is responsible for extracting
The microwave power was set to ~ 205 W and the solenoid electromagnet was set to B

and speeding the positive hydrogen ions up was set to -100 V and two decelerating
voltages which repel residual electrons and positive ions so that they won’t hit the
sample were set to 100 and -50 V, respectively. The extraction current was maintained
around 10 mA by altering the strength of the magnetic field in the range of 83 to 90 mT.
TOF-SIMS data was taken from HHIC treated set of samples. The primary setup
of TOF-SIMS for taking negative and positive ion spectra from the surface of polymeric
samples has been entirely described in the section 4.3.2.

sputtering the surface in an area of 300 µm × 300 µm for 1 s with a 10 keV u'
ion

Depth profiles were obtained on the film by repeating the cycles of alternatively
beam, followed by collecting negative secondary ion mass spectra using the W

primary ion beam at 128 × 128 pixels over an area of 100 µm × 100 µm within the

sputtered area.
First in order to analyze the data, all the ion peaks in the negative spectra with the
considerable intensity were selected (Figure 19). Then, the ion images which illustrate
the distribution of selected ions were taken for this peak list. Ion image of a number of
ions demonstrated an observable contrast on the treated and untreated (areas under the
grid lines) regions and the ion images of some ions were totally homogenous
representing that there is no difference in the distribution of selected ion in HHIC
treated and untreated areas. Since it was desired to investigate the effects of HHIC
treatment on the surface of samples, all the ions that there was no contrast in their ion
images were removed from the ion peak list. In other words, secondary ions with the
same intensity from both exposed and unexposed areas to hydrogen bombardment were
completely useless as it was impractical to extract any information from them.
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Figure 19. Negative secondary ion mass spectra of PMMA films which were treated
treate by hydrogen
bombardment
ent for a. 30, b. 60 and c. 300 s.

After determining the ion peaks that are apparently impacted by the HHIC
treatment, it was desired to find the molecular formula for them according to molecular
formula of PMMA. The following table shows the molecular mass of the mentioned
ions:
Table 1. Detected ion fragments for relatively intense peaks in the negative ion spectra of PMMA. Ion
fragment with * is the most abundant one, representing PMMA
PMMA. The data are for the 5-min HHIC
treated sample.

Molecular formula

Mass (m/z)

H¯

1.01

Normalized intensity (to the
total ion intensity )× 10+5
16461.82

O¯

15.99

4208.08

CN¯

26.01

2067.73

CH3O¯

31.03

3242.92

C3H3¯

39.03

542.41

C2HO¯

41.01

2652.68

C2H3O¯

43.03

800.00

CHO2¯

45.01

1586.77
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C4H3¯

51.03

438.85

C3H3O¯

55.03

2293.33

C3H5O¯

57.05

364.31

C4HO¯

65.01

834.75

C4H3O¯

67.03

403.77

C3H3O2¯

71.03

987.44

C2H3O3¯

75.03

485.49

SO3¯

79.97

593.17

C4H5O2¯ *

85.05

4896.56

C4H6O2¯

86.04

666.15

C4H7O2¯

87.07

1305.91

SO4H¯

96.97

1032.53

C5H7O2¯

99.05

394.67

C5H9O2¯

101.08

451.58

C7H7O¯

107.07

283.29

C6H7O2¯

111.06

370.34

C7H9O2¯

125.09

392.36

C7H11O2¯

127.10

249.39

C7H7O3¯

139.08

270.76

C8H13O2¯

141.13

524.72

C9H13O2¯

153.10

134.38

C9H13O4¯

185.13

473.4

The monomer of PMMA is C5H8O2; therefore the majority of peaks are
combination of carbon, hydrogen and oxygen. I chose the intense peak at m/z = 85.05 as
the characteristics peak of PMMA. Figure 20 shows the molecular formula of PMMA
and its characteristic secondary negative ion.
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Figure 20. PMMA and its characteristic negative ion.

Following figure is the TOF
TOF-SIMS
SIMS negative ion images for the all ions in table 3
from the patterned PMMA surface through 5 min HHIC treatment. As can be seen
distribution of these negative ions on the surface has completely affected by HHIC
treatment and the trace oof gird is clearly observable. Interestingly, ion peaks at m/z
equal to 26.01, 79.97 and 96.97 have different ion distribution on the pattern surfaces.
In the ion images of these ions the exposed areas to the HHIC treatment have more
intensity (brighter) andd areas under the grid have less intensity (darker), which is
completely inverse the ion distribution of other ions. According to their ion images one
can understand that they are not PMMA related
related. These peaks are assigned to CN¯ , SO3¯
and SO4H¯ , respectively so that they are assigned to sulfur related ions (Figure 21).
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Figure 21. Negative ion images of PMMA fragments.

As discussed above,, two important parameters related to the HHIC treatment can be
accessed from the TOF-SIMS
SIMS data analysis
analysis. The first one was titled degree of crosscross
linking which represent the amount of cross
cross-linking
linking in the HHIC treated samples. The
second one is depth of cross
cross-linking which introduce the depth of cross-linking,
linking, in other
words, the widthh from the surface down to the depth of the sample that has been
affected by HHIC treatment and cross
cross-linked
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5.1.2 Degree of cross
cross-linking
In order to gauge the degree of cross
cross-linking
linking in treated samples; negative ion mass
spectra obtained on a highly ordered pyrolitic graphite (HOPG), as a highly cross-linked
cross
system, were carefully scrutinized (Figure 22).
). Of particular interest was C2nH¯ ion
group, which are the dominant peaks and provides insight into highly cross-linked
cross
system’s negative ion spectra. It is thus concluded that increase of those ion fragments
serve as markers for cross
cross-linked
linked hydrocarbon chains. Therefore I selected them as the
characteristic ions for evaluating cross
cross-linked
linked system. Consequently, I investigated the
intensity of these ion peaks in the exposed and unexposed areas of PMMA film
fi to
HHIC treatment. Shown in F
Figure 23 are C2nH¯ ion fragments from cross-linked
cross
areas
which are normalized to the total ion intensity, from which their abundance can be
compared. C2nH¯ ion fragments intensi
intensity
ty has grown by increasing the HHIC treatment
time. Since we adopted the C2nH¯ ion group intensity as the evidence of cross-linking,
cross
one can derive that by increasing the time of HHIC treatment the amount of crosscross
linking has increased.

Figure 22. Negative ion mass spectra of HOPG.
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Figure 23. Normalized ion intensities of C2nH¯ ion group from exposed areas of PMMA films to
hydrogen bombardment for different durations.

Following figure shows the nnegative ion images of PMMA major fragment at m/z
= 85.05 and also C6H¯ as the cross
cross-linking
linking indicator from the samples with different
HHIC treatment durations. As can be seen by increasing the time of HHIC treatment
from 30 to 300 s the intensity of C6H¯ ion from the exposed areas has raised. In
contrast, Intensity of C4H5O2¯ has declined over increasing the HHIC treatment time.

Figure 24. Negative ion images
mages of PMMA major fragment C4H5O2¯ and C6H¯ from samples with 30, 60
and 300 s HHIC treatment.
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Therefore, of particular interest was the dependence of cross
cross-linking
linking on HHIC
treatment time, as a result we defined the degree of cross
cross-linking
linking concept by introducing
β as the ratio of C6H¯ secondary ion intensity from cross
cross-linked
linked areas to pristine areas
which both are normalized to total ion intensity. Figure 25 indicates the relatively linear
relationship of this parameter and exposure time.

Figure 25. Degree of cross-linking
linking β (ratio of C6H¯ secondary ion intensity
ity from cross-linked
cross
areas to
pristine areas)) versus exposure time to HHIC treatment.

5.1.3 Depth of cross
cross-linking
In order to find the depth of cross
cross-linking,
linking, two different approaches were
proposed. In the first approach by looking at the negative ion images one can evaluate
that how deep the trace of grid has penetrated into the surface of the samples. Since the
pattern
ern of the grid shows the difference between exposed and unexposed areas to the
hydrogen bombardment one can take it as an indication for cross
cross-linking.
linking. TOF-SIMS
TOF
software is actually capable of taking ion images from the depth of the samples. In this
practical
ical command, one can take negative or positive ion images after a particular
number of sputtering. Grid’s pattern in the negative ion image from the outermost
surface is clearly obvious; however after a few sputtering it becomes blurred and
unclear. And finally,
inally, after a particular number of sputtering it disappears. Therefore, by
counting first the number of sputtering and second measuring the thickness of removed
layer in each sputtering and multiplying these two values one can essentially calculate
the depth
epth that HHIC treatment has affected or penetrated into the treated samples.
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For this purpose one of the characteristics ions C4H5O2¯ that its negative ion
image has the most contrast in the exposed and unexposed areas was selected.
Following figure shows the negative ion image of this ion in for the sample with 300 s
HHIC treatment.

Figure 26. Negative ion image of C4H5O2¯ in which exposed and unexposed areas to HHIC treatment
demonstrate the most contrast.

Figure 27 shows the negative ion images of C4H5O2¯ for the 30 s HHIC treated
sample from different depths. In first image the negative ion is taken after the first
sputtering and in the second after 2 sputtering steps. Significantly, these images are not
as high-resolution as regular ion images from the surface, because these are prepared
from only single data collecting by TOF-SIMS. In this case (depth profile mode),

surface of the sample is first bombarded by the sputtering beam (u'
) to remove a thin

layer and then is bombarded by the primary ion beam (W ) for a particular time to

generate the secondary ion fragments from the sample and detect them and collect the
data from the depth of the sample. As can be seen in the Figure 27 the grid’s pattern
becomes blurred and more blurred and finally it is disappeared while the ion image is
taken from deep and deeper areas. For instance, in the sample with 30 s HHIC treatment
(Figure 27.a) grid’ pattern has disappeared after 6 sputtering times, however in the
samples with 60 and 300 s HHIC treatment it disappeared after 13 and 25 sputtering
time, respectively.
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Figure 27. Secondary
ary ion images from different depths of the a. 30 s, b. 60 s and c. 300 s HHIC treated
PMMA films. As can be seen the pattern of the grid has disappeared after 6 times of sputtering in the
30 s HHIC treated sample, however it has disappeared after 13 and 25 sputtering times in the 60 and
300 s HHIC treated samples , respective
respectively.

Now, number of sputtering times to remove the grid’s pattern is known, we just
need the thickness of removed layer in each sputtering step to calculate the thickness of
HHIC depth. The thickness of removed layer in each sputtering step can be different for
each sample as it depends on several factors such as the strength of primary ion beam
and other adjustment in TOF
TOF-SIMS.
In order to measure this thickness, the whole thickness of PMMA film coated on
silicon wafer and the total number of sputtering times which removed the PMMA film
down to silicon substrate are needed. Thickness of layers which has removed in each
sputtering times would obtained through dividing the entire thickness of PMMA film by
total number of sputtering which removed it. The thickness
ckness of PMMA films were
measured by a stylus type of profiler (Tencor, P
P-10) and they were 207.0 nm, 215.9 nm
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and 191.2 nm for PMMA films with 30, 60 and 300 s HHIC treatment,, respectively. In
order of measuring the number of required sputtering times to remove the entire PMMA
layer I plotted the depth profile data of C4H5O2¯ and Si¯ ions at m/z 85.05 and 27.99
representing the PMMA film and substrate for each sample. A
Ass can be seen from the
Figure 28 (depth profile data of 30 s HHIC treated sample), at the beginning signal of
C4H5O2¯ ion representing PMMA film is high. O
Once C4H5O2¯ decreases the Si¯ signal
shows up which indicates that the PMMA film has been removed.

Figure 28. Depth profile of C4H5O2¯ and Si¯. The data point indicated by the arrow is selected to
calculate the sputter rate.

C4H5O2¯ signal is almost in its mid
mid-position
position between high value and zero has been
selected as a point that entire PMMA film has been rremoved
ved (the indicated data point in
Figure 28).
). Which in this case that point is 81th point. As the number of data points in
the depth profile mode is equal to the number of sputtering times, it was concluded that
after 81 sputtering times the entire PMMA lay
layer
er has been remove. Since the PMMA
thickness for the 30 s sample was 207.0 nm it can be calculated that 2.5 nm thickness
was approximately removed at each sputtering step. And since after 6 sputtering times
the grid’s pattern was completely removed, one ca
can
n obtains that HHIC has penetrated
into the sample about 15.0 nm (6 × 2.5 nm).
These
se values also measured for 60 and 300 s HHIC treated samples. As result the
thickness of removed layer at each sputtering step obt
obtained
ained 2.0 nm and 1.4 nm for 60
and 300 s HHIC treated samples. By considering the number of sputtering times in
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order to remove the HHIC affected layer, HHIC depth was measured 26.2 nm and 35.1
nm for 60 and 300 s HHIC treated samples. Interestingly, it was proved that it is not
possible to penetrate more and cross-link the molecular moieties in the depth of the
samples by increasing the duration of HHIC treatment. Penetration has only increased
about 2 orders of magnitude while the time of treatment increased 10 times.
As it is mention at the beginning of this section there are two approaches to
evaluate the depth of cross-linking into the polymeric samples. First one has been
described in detail in the previous part, and the second one will be demonstrated.
As a remarkable issue, it was decided to compare the intensity of secondary ion
fragment C4H5O2¯ representing PMMA from the exposed and unexposed areas and
interpret the differences. In order to perform this, first a depth profile experiment was
performed. The C4H5O2¯ ion intensity was extracted from both exposed and unexposed
areas (through the TOF-SIMS software one can select the area of interest on the ion
image and extract data only from that area). The depth profile data of ion intensity
versus sputtering time for these two signals was plotted. As the thickness of PMMA
films and total time of sputtering to remove the films were both known values it was
possible to convert the sputtering time data to the sputtered depth. Afterward, I plotted
the graph of ion intensity versus depth for each of 30, 60 and 300 s HHIC treated
samples. The Si¯ signal is also included in order to make a better understanding of the
graphs.
Figures 29 a-c compares the depth profiles recorded in the negative mode for the
PMMA film with 30, 60 and 300 s HHIC treatments. According to the negative ion
images of C4H5O2¯ the secondary ion intensity of this fragment in exposed areas (dark
areas) was noticeably lower than unexposed areas (bright areas). Therefore, as it is
expected; the lower counts of C4H5O2¯ in exposed areas were recorded in the first steps
of sputtering. In each sample, after the first steps of sputtering the characteristic signal
of PMMA film from both exposed and unexposed areas reach the same intensity and
plateau. This confirms that HHIC treatment is just a surface modification technique and
it cannot penetrate into the depth of exposed films.
We quantified the depth of cross-linking as the width of PMMA film in the
beginning of sputtering which contains different intensities for C4H5O2¯ ion fragment in
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exposed and unexposed areas. Once the secondary ion intensities of C4H5O2¯ fragment
in both cross-linked and pristine areas achieve to the same amount, HHIC penetration
has stopped. Because it indicates that the rest of PMMA film was not affected
affec by HHIC
treatment. Indeed, the same quantity of PMMA characteristic fragment in both areas has
been generated by primary ion beam which means the PMMA structure was intact after
certain depth in the surface (Figure 29).

Figure 29.. Comparison of depth profiles of PMMA films treated by HHIC technique for a. 30s, b. 60s
and c. 300s on silicon substrates. In order to clarify the differences in the exposed and unexposed
areass to the hydrogen bombardment I separated the PMMA characteristic (C4H5O2¯) from cross-linked
cross
and pristine areas. The initial width in which the PMMA characteristic ion intensity from exposed and
unexposed areas is different has report
reported as the cross-linking depth. d. Cross-linking
linking depth
dept versus
HHIC treatment time.

The penetration depth of HHIC treatment was evaluated accurately for three HHIC
treated samples. This value for 30, 60 and 300 s HHIC treated samples were obtained
10, 16 and 29 ± 2 nm respectively. The resulted values are com
compatible
patible with the previous
result taken from negative ion images and are close to each other as they both are based
in the same concept.. Predictably, cross
cross-linking
linking depth, in contrast with degree of crosscross
linking, doesn’t increase linearly with hydrogen bomb
bombardment
ardment time. Figure 29.d is the
plot of cross-linking
linking depth versus bombardm
bombardment
ent time confirming this issue.
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The C60+ cluster ion beam was selected to sputter the PMMA film because it is
believed that the damaging effect to organic molecule is minimal (60). The beam energy
(10 keV) is basically high enough for reasonable sputtering rate for organic samples;
however, the energy per atom (~ 100 eV) is considerably low so that the samples
damage is not significant (61). In our case, we were interested in the differences of three
organic samples with three different HHIC treatment durations. If the sputter damages
the polymer significantly, the three samples might have been looked similar to each
other. Indeed, our results (Figure 29) clearly show that the cross-linking depth is probed
by TOF-SIMS depth profiling using cluster ion C60+ as the sputter beam.

5.2 Enhancing the performance of organic thin film transistors
(OTFTs)
In the previous part the cross-linking process via HHIC technique was
demonstrated through an experimental method using TOF-SIMS. In this section I’m
going to describe several OTFTs configurations that were fabricated and tested at
XRCC and HHIC technique was used to improve their efficiency in the several ways
which some of them worked and some of them did not.

5.2.1 HHIC technique and cross-linking the organic semiconductor
layer of OTFTs
The first set of experiment accomplished in summer 2012 was about enhancing
the OTFTs efficiency through cross-linking the organic layer. The OTFTs fabrication
and experimental setup was as following:
The top contact OTFTs were fabricated by means of depositing the PQT-12
(explained in the section 2.1.3) organic semiconductor as a transistor active channel on
heavily doped silicon wafer with thick layer of silicon oxide (200-300 nm) which were
transistor gate electrode and dielectric layers, respectively.
Substrate preparation included cutting silicon wafer into small pieces; immersing
them in the isopropanol for 5-10 min, and afterward rinsing with isopropanol and drying
with air-blow. Subsequently, wafers were cleaned with argon plasma for 2 min. Then,
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again they immersed in isopropanol and dried with air
air-blow.
blow. In this step the contact
angle should
uld be less than 30°
30°.
After substrate cleaning process they were modified. They were immersed in 0.1
wt% octyltrichlorosilane solution dissolved in toluene at ~ 60 °C for 20 to 30 min. Then
the wafer was washed with toluene twice and once with isopropanol. Water contact
angel should be more thann 95
95°. Self-assembled monolayer of octyltrichlorosilane on the
substrate surface decreased they surface energy and changed the property of the surface
from hydrophilic to hydrophobic phase. In this step they were ready for organic
semiconductor
uctor deposition.
0.1 wt% PQT-12
12 solution in dichlorobenzene
robenzene was used to deposit the
semiconductor layer.. PQT
PQT-12 was completely dissolved in dichlorobenzene with the
help of shaking, sonication for 2 min and heating up to 60 °C.. The solution was filtered
with
ith 0.1 micron syringe when it was still warm.
Subsequently, solution
olution was dispe
dispensed
nsed on the modified substrate. Spin
S
coater was
set to 1000 rpm for 2 min
min. Solution
lution was dispensed on the substrate 2 min before
spinning. Then the film was dried in vacuum oven for 30 min at 70
7 °C and then
annealed for 1 h at 140 °C.
C.
And at the end, source
ource and drain electrode were vacuum deposited through a
shadow mask. Deposition pressure was about 3 × 10-5 mbar. Electrode thickness was
about 60 nm. Figure below illustrates the device configuration.

Figure 30. Device configuration.

Transistors made thorough those shadow masks had different channel and width
length. The Channel width was 1000 and 5000 nm, and channel lengt
length
h was 90, 190 and
370 nm. I-V
V characterization measurement for all the devices in this work was
performed by means of K
Keithley 4200 Semiconductor characterization system at XRCC.
Each
ach devise was placed under the microscope then three fine probes were connected
conne
to
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source and drain and gate electrodes. Through the software, it was possible to apply
voltages to the probes. Therefore, in order to obtain the characteristics of each transistor
different range of voltages selected for the probes connected to the ssource,
ource, drain and
gate electrodes.

Figure 31.. Typical characteristics of a transistor based on PQT-12
12 organic semiconductor.

For transfer curve (drain current versus gate voltage in saturated regime), gate
voltage sweeps from 20 V to -60 V and drain voltage were equal to -60
60 V. For output
curves (drain current versus drain voltage at different gate voltages), drain current is
collected while drain voltage sweeps from 0 to -60 V at different gate voltages.
voltages Several
transistors fabricated
bricated according to above conditions were measured; the mobility range
was 0.05-0.20 cm2/Vs with the average of 0.08 cm2/Vs and standard deviation of 0.01
cm2/Vs and on/off ratio was in the order of 104 for all the devices. Figure 31 illustrates a
typical transfer and output characteristics of the devices fabricated according to the
conditions described above.
The first set of samples was fabricated at XRCC on July 6th 2012 including four
pieces of silicon substrate which each was prepared according to the described
conditions. The average mobility of semiconductor film of each sample was measured,
and afterward they transferred from X
XRCC to SSW to be treated by HHIC technique.
Indeed, the organic semiconductor was the target of hydrogen bombardment in order to
see how cross-linking
linking process can affect the charge carrier mobility in the film.
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One of the samples was taken as the control sample and the rest of them were
treated
eated by HHIC technique for 30, 60 and 300 s. HHIC reactor was adjusted to its
convenient
venient setup in all three runs. Background chamber pressure was about 1.6 × 10-6
Torr and after introduction of H2 gas increased up to 0.9 × 10-3 Torr. Accelerating
current (current of extracted hydrogen ions from plasma) was ~ 10 mA. And
electromagnet is set to B

87.5 T. Forwarded microwave energy (produced by

magnetron)
netron) to plasma was ~ 205 W
W,, and reflected microwave energy to the magnetron
was maintained less than 5 W
W.
PQT film’s mobility was measured before and after HHIC treatment. Results were
as following:

Figure 32.. Average PQT-12
12 film mobility before and after HHIC treatment.

As it is evident from the F
Figure 32,, by increasing the time of HHIC treatment
PQT-12
12 film’s mobility has considerably decreased, consequently, the device
performance also declined. Mobility reduction for control sample was only about 16%
however it was about 40
40%, 52% and 88% for 30, 60 and 300 s hydrogen bombarded
samples, respectively.
It was interesting to realize the reasons that why HHIC trea
treatment and cross-linking
cross
process have not improved the devices performance and also worsened them. One
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probable answer is because samples inside the HHIC chamber are also exposed to UV
radiation as one of the plasma products. PQT
PQT-12
12 the semiconductor film in
i this set of
samples is very UV-light
light sensitive organic semiconductor as UV irradiation can damage
its π–π** conjugated system, disturb the hoping charge transfer system and affect on its
electrical properties.

Figure 33. UV-Vis optical absorbance of the PQT
PQT-12
12 film coated on glass substrate treated by HHIC
technique for 0, 10 s, 20 s and 30 s.

In order to confirm the existence of UV irradiation inside the HHIC chamber a set
of samples for UV-visible
visible spectroscopy were prepared. 0.1 wt% PQT-12
PQT
solution in
dichlorobenzene
robenzene was deposited on the glass substrates. Fist their optical absorbance
were measured and then One of them was taken as the control samples and the rest of
them were treated by HHIC technique for 30, 60 and 300 s.
Figure 33 shows the UV
UV-Vis absorbance of this set of samples before and after
HHIC treatment for different durations. As can be seen from the figure by increasing the
exposure time to the hydrogen bombardment the loss of UV
UV-Vis
Vis absorbance increased.
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This absorbance
bsorbance loss might be associated to the damage of π–π*
* conjugated system or
disturbing the regularity of hydrocarbon chains.
With the intention of observing that what happens to the PQT
PQT--12 absorbance
spectrum after being under the sun light (in the ambie
ambient
nt condition) and compare the
results to the absorbance spectra of HHIC treated samples; a PQT
PQT-12
12 film was coated on
a glass substrate and an absorbance spectrum was taken right after the film preparation.
After 20 days another absorbance spectrum was ttaken.
n. The result is as follows:
follows

Figure 34.. Absorbance spectra of a PQT
PQT-12
12 film coated on glass substrate right after its preparation
and after 20 days.

As can be seen the absorbance spectrum of the PQT
PQT-12
12 film exposed to sun light
shows the same effect as the exposed film to the HHIC treatment (Figure 34). Both
films encompass the absorbance loss. It verifies that the samples inside the HHIC
camber are also exposed to the UV radiation results in damaging their electrical
properties.
Another reason that might influence the electrical properties of the PQT-12
PQT
film
after HHIC treatment is oxidation process. Although the HHIC chamber is vacuumed
and performs under low pressure in the order of 10−6 Torr,, there is still a diluted
concentration
tion of this gas which causes minor oxidation on the surface, and leads to
damage the electrical properties of the exposed film.
Therefore, cross-linking
linking on the PQT
PQT-12
12 organic semiconductor film accomplished
by HHIC method did not worked. Another subject that was of our interest was to see
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how HHIC treatment and cross
cross-linking the surface of PQT-12
12 film can affect the
stability of the device. In order to measure the stability of the device versus time, a set
of samples were prepared. One of them was taken aass the control and the other ones were
HHIC treated for 30 and 60 s. Their mobility was measured once right after their
fabrication and then after 3 and 20 days. During this time they were kept in a lowlow
humidity cabinet. Result showed that cross
cross-linking
linking the semiconductor film via hydrogen
bombardment does not inc
increase the stability of the device.
As can be seen in F
Figure
igure 35 the mobility of the devices has extremely dropped
after 3 days and then approximately became stable the trend of mobility reduction for
the control sample and HHIC treated ones is the same. How
However,
ever, the mobility of the
HHIC treated samples is lower that the control sample as discussed before.

Figure 35.. Both graphs illustrate the same data of mobility reduction of control and
a HHIC treated
samples in values and percent
percentage.

5.2.2 HHIC technique and cross
cross-linking
linking the modifying layer of
OTFTs
In this part, poly(α-methyl
methyl styrene
styrene) (PS) was used as a modifying layer for silicon
dioxide
oxide (the dielectric layer). In essence,, depositing a very thin layer (10-20
(10
nm) of
poly(α-methyl styrene) on the clean silicon oxide is an effective way to decrease the
surface energy of silicon oxide surface and alter it from a highly hydrophilic surface to a
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hydrophobic surface. As the surface energy of the silicon oxide layer reduces, the
semiconductor
or layer which also has a low surface energy form a better film. Indeed, one
can make the dielectric and semiconductor layers compatible with each other by
depositing a very thin organic layer between them.

Figure 36. Device configuration.

Device configuration
tion is illustrated in F
Figure 36.. The substrate cleaning procedure
is the same as the previous section. 0.2 wt% PS in dichlorobenzene was deposited on
the substrate trough spin
spin-coating techniquee with 1000rpm and for 2 min.
min Films
thickness was less than 20 nm. PS film was dried in the vacuum oven for 30 min at
70˚C.
˚C. Afterward, 0.8wt% Tips
Tips-PC
PC solution in toluene was deposited on the modified
substrates via spin-coating
coating techniq
technique set to 4000 rpm and 2 min spinning time
(thickness less than 100 nm)
nm). The Tips-PC
PC was dries and annealed under 70˚C
70 and
140˚C
˚C for 30 and 45 min
min,, respectively. Then the source and drain electrodes were
deposited on the samples with the same technique used in the previous part.
The purpose of cross
cross-linking the modifying PS layer is to make it strong against
the solvent of the Tips-PC
PC layer. If the PS layer dissolves in the solvent of Tips-PC,
Tips
it
would not act as a modifying layer and also disturb the electrical properties of Tips-PC
Tips
as the semiconductor laye
layer.
r. We compared the device performance of two series of
transistors which in one of them the PS layer was cross
cross-lined
lined through HHIC technique
for 180 s and the other was not.
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Figure 37. Transfer curve of OTFTs fabricated with a PS modifying layer on silicon substrate.

As can be seen from the F
Figure 37 mobility of the Tips-PC
PC film has increased
about two orders of magnitude after using the HHIC technique to cross
cross-link
link the PS film
and makee it resistant against the solvent of subsequent layer. The Tips-PC
Tips
semiconductor is not a high
high-quality
quality organic transistor; however, the measured mobility
is not desirable and is fairly low for this semiconductor and it showed better
performance in the other
er configurations (62
(62).

5.2.3 HHIC technique and cross
cross-linking
linking the organic dielectric layer
of OTFTs
After observing the successful effects of cross
cross-linking
linking the PS modifying layer on
upgrading the devices performance, it was decided to fabricate an OTFT completely
based on organic materials, in other words, in this section we selected an organic
material
al for dielectric layer
layer.. It was desired to fabricate an OTFT entirely based on
solution-processable
processable techniques as they promise low-cost, high-throughp
throughput, large-area
and on-flexible-substrate
substrate electronics. Obviously, fabrication of multiple polymeric films
with solution-based
based technology presents challenges to chemical stability of heterohetero
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junction structures because the solvent of the subsequent layer always degrade the
existing film. Numerous research groups works on multi-polymeric configuration for
OTFTs, but when the dielectric layer is deposited, they do not deposit the
semiconductor layer on top of that through a solution-based technique. They generally
apply another method such as thermal evaporation to deposit the second polymeric layer
(63).
Therefore, as discussed, fabrication of multi-polymeric device with solution-based
methods is not simple; however, in the present work we make use of HHIC technique to
treat and cross-link the surface of first deposited layer and make it resistant against the
solvent of second.
The objective configuration included PMMA and PQT-12 as the gate dielectric
and semiconductor layers. We used heavily doped silicon wafer for the gate and gold
for the source and drain electrodes.
Previous to the device fabrication the surface roughness and morphology of
PMMA films coated on the silicon wafer before and after HHIC treatment were
measured via AFM. For this purpose, a set of samples was prepared. 0.5 wt% PMMA
solution in chloroform was prepared and sonicated for 15 min. Afterwards, it was
deposited on clean silicon wafer via a spin-coater which was set to 2000 rpm and 1 min
spinning time and each drop was 20 µL. cleaning process for silicon wafers includes
rubbing their surface with cotton tippets and isopropanol followed by sonication in
methanol and rinsing with isopropanol and finally they were air-blow dried.
By means of AFM morphological images from some areas of samples were taken.
AFM model and setup has been described in the third section of the chapter three.
Figure below illustrate the AFM images of untreated PMMA film and HHIC treated
ones for different duration. As it was expected the morphology structure and surface
roughness of PMMA films have not changed after hydrogen bombardment. Indeed,
HHIC technique has nothing to do with the morphology of polymeric samples as it
changes only the chemical structure of the very top surface of the samples in the
molecular scale.
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Figure 38. AFM images of PMMA film
filmss coated on silicon wafer which are a. untreated and b. 10 s, c. 30
s, d. 60 s, e. 120 s and f. 300 s HHIC treated samples. Significant
icant surface morphological alteration has
2
not been detected by increasing the time of HHIC treatment. The roughness for a 25 µm area for all
samples was around 0.2 nm.

Therefore,, it was made sure that HHIC technique does not change the surface
topography of impacted samples; consequently, it won’t cha
change
nge the formation of
subsequent polymeric film on the top of PMMA film.
In order to make the devices, 5 wt% PMMA solution in chloroform was prepared
and deposited on the clean silicon wafer through the spin
spin-coater
coater technique set to 1500
rpm. PMMA film thickness
kness was about 300 nm. After drying and annealing of PMMA
films in a vacuum oven at 100
100˚C
˚C for 1 hour they were treated with HHIC technique for
different duration such as 30, 60 and 180 s. and one of the samples was taken as the
control sample.
PQT-12
12 solution was deposited on the PMMA film as the
Afterwards, 0.3 wt% PQT
semiconducting layer (thickness 20
20-80
80 nm). It was dried and then annealed with the
conditions described in the previous part. Then, the source and drain electrodes
deposited with the thermal ev
evaporation
aporation technique and through a shadow mask (Figure
39).
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Figure 39. Device configuration.

After measuring the performance of each device by plotting the transfer and
output curves; it was obtained that the control sample with tthe
he untreated dielectric does
not behave as a transistor. Certainly, the PMMA layer was dissolved in the solvent of
PQT solution while it was depo
depositing. Since the semiconductor layer thickness is only
less than 100 nm the dissolving process of dielectric llayer in the solvent of
semiconductor layer has changed its structure and electrical properties. Therefore
instead of a two separate polymeric films with different properties between the
electrodes there was only one thick layer as the result of the mixing process of them.
On the other hand, for the other samples which their dielectric layer was crosscross
linked, transfer curve was obtained. Thus, it has been proved that in samples with the
treated dielectric layer with HHIC reactor dissolving process of dielectric
dielect layer in the
solvent of semiconductor layer is much lower than control sample.
Figure 40 illustrates the transfer characteristic curves of these OTFTs with the
PMMA as the dielectric layer and PQT
PQT-12
12 as the semiconductor layer. Data taken from
the control
rol sample has not plotted as in was not an actual transistor. For the rest of
samples one of their satisfactory curves is plotted. As it is shown in the Figure
F
40, by
increasing the time of hydrogen bombardments which leaded to cross-linking
cross
the
surface off PMMA film, fabricated device showed better characteristics demonstrating
that the longer treatment leaded to stronger surface of PMMA against the solvent of
PQT-12.

65

Figure 40. Transfer characteristic of OTFTs with HHIC trea
treated
ted gate dielectric layer for a. 30 s, b. 60 s
and c.180 s. Charge carrier mobility has increased about 2 order
orders of magnitude after raising the HHIC
treatment of gate dielectric layer to 300 s.

The PQT-12
12 charge carrier’s mobility has been measured and 8.85 × 10-5, 2.5 ×
10-4 and 1.6 × 10-3 cm2/Vs obtained for OTFTs with 30, 60 and 180 s HHIC
HHI treated gate
dielectric layer,, respectively. The Maximum on/off ratio was reported for 300 s HHIC
treated sample and was 1.44 × 102. Although by increasing the HHIC treatment time
some characteristics of OTFTs have been improved, the threshold voltage has increased,
too. It may indicate that the charge trap density in the interface of PMMA and PQT has
grown after increasing the time oof PMMA surface modification.
To investigate how HHIC treatment has cross
cross-linked
linked the hydrocarbon moieties of
PMMA and make it strong against the solvent of second layer and to study the interface
structure between PMMA and PQT-12 layers TOF-SIMS depth profiling
ling experiment
were carried out.
A model of multilayer device consists of an insulator layer made of PMMA and an
organic semiconductor layer made of Poly
Poly(3-hexylthiophene) (P3HT) was chosen to
simulate the OTFTs configuration for depth profile TOF
TOF-SIMS analysis.
nalysis. Chloroform
was used as the solvent of both organics. First 0.5 wt% of PMMA solution was
deposited on the silicon wafer substrate
substrates via the spin-coater
coater and fabricated films have a
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thickness around 100 nm
nm. The silicon substrates were cleaned through the described
procedure previously. After the annealing process of deposited layer, samples were
exposed to HHIC
IC treatment for 30, 60 and 180 s, respectively, and one sample was
taken as the control sample without HHIC treatment. Afterwards, 0.5 wt% of P3HT
P3H
solution was deposited on top of them. Thickness of P3HT layer was about 50-70
50
nm.

Figure 41. Comparison of depth profiles of multilayer device model with HHIC treated PMMA layer for
a. 0 s (control sample), b. 30 s, c. 60 s and d. 180 s. We selected Si¯, S¯ and C4H5O2¯ as the
characteristic fragments of substrate, P3HT and PMMA
PMMA, respectively. The interfacial width between
PMMA and P3HT has been decreased as the time of HHIC treatment increased.

For each sample a depth prof
profile
ile throughout of the different layers down to the
substrate was obtained. We selected S¯ as the characteristic fragment of P3HT layer
since it has high secondary ion yield in this layer. The substrate and PMMA layers are
characterized by Si¯ and C4H5O2¯ , respectively.
Ideally, the intensity of the sulfur which represents the P3HT must be high at the
beginning and inversely the PMMA characteristics must be low, then after several
seconds which the P3HT layer has been sputtered and removed from the surface the
t S¯
signal must goes down and the PMMA signal comes up. High intensity of the PMMA
fragments in the P3HT layer is due to other ion fragments contain C, H and O in P3HT
layer with the same mass to charge ratio as PMMA fragments. However, after removing
thee P3HT owing to sputtering, the secondary ion signal of PMMA fragment comes up
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and makes a peak. But depth profile of control sample shows the steady graph for
PMMA signal which does not indicates the PMMA fragment peak after removing the
P3HT layer (Figure 41). This is caused by PMMA diffusion into the P3HT layer during
the deposition process.
However, by applying the HHIC treatment on the surface of PMMA layer and
cross-linking its hydrocarbons moieties, it becomes more resistant against P3HT
solvent. As can be seen from the Figure 41, the PMMA signals of the 180 s treated
sample clearly came up after sputtering and removing the P3HT layer. It shows that
dissolving phenomenon of PMMA in the P3HT solvent has significantly decreased and
there is a clear interface between two layers. In the other word, by applying the HHIC
treatment in order to passivate the surface of the first layer one can decrease the
interface broadening.

5.2.4 Acquiring the proper time for HHIC treatment for the most
efficient cross-linking
In theory the proper time of HHIC treatment to knock the hydrogen atoms of the
surface which leads to cross-linking the molecular moieties on the impacted surface is
only about several seconds up to couple of min. In the entire device preparation that
were described in the present work the longest HHIC treatment for dielectric layer or
modifying layer was only about 300 s as it was the proper time according to the theory.
However, it was truly remarkable to find an experimental way to identify the most
efficient time of cross-linking, and treat the actual devices as long as that proper time
and obtain more satisfying results.
Therefore, in this section an experimental method including investigation of
morphological alterations of cross-linked PMMA with solvent attack is described which
results in acquiring the proper time of HHIC treatment to have the highly cross-linked
polymeric surface.
Silicon wafers were cleaned by soaking in isopropanol for 10-15 min and washing
by cotton tips, followed by sonication for 15 min, and rinsing by isopropanol and
nitrogen blow drying. Finally they were treated by UV/Oz radiation for 10 min. 0.3 wt%
PMMA solution in chloroform was prepared, and sonicated for 15 min. PMMA films
were prepared by means of a spin-coater. Spin speed was set to 4000 rpm and 1 min
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rotation. Initially the surface of substrates were covered by the solution and then started
to spin in order to obtain a homogeneous film. Following image shows the morphology
of PMMA film fabricated with the mentioned conditions.

Figure 42. M
Morphology of PMMA film deposited on silicon wafer.

Thickness of PMMA films fabricated with above conditions and its standard
deviation are about 300 and 5 nm, respectively.

Figure 43. Thickness of PMMA film.

Before treating the surface of PMMA With hyperthermal hydrogen projectiles we
poured 2-33 drops of chloroform on the surface of PMMA film while it was spinning at
3000 rpm. As the chloroform is an effective solvent for PMMA it washed of the surface.
surface
Thickness of residual PMMA film was roughly about 10 nm with 4 nm standard
deviation. As it was expected surface roughness has increased from 0.3 nm to 0.8 nm.
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Figure 44.. Morphology of untreated PMMA film after dropping chloroform on its surface while it was
spinning.

By above measurement one can observe that resistance of PMMA film against
solvent is low which is why it’s an unsuitable dielectric film in an OTFT with a solution
process-able
able semiconductor film.
Afterwards in order to see the effects of solvent attack on cross
cross--linked PMMA
films; we started the HHIC treatment from 30 s and increased it to 2, 4, 12, 15, 30 and
finally 40 min. Every time 22-3
3 drops of chloroform were poured on the surface of HHIC
treated PMMA film
ilm while it was spinning at 3000, afterwards the films morphology was
investigated by AFM.
Morphology of PMMA film which was HHIC treated for 30 s after dropping
solvent on its surface was almost the same as untreated one. We couldn’t observe any
special morphological structure on the surface. Surface is a bit rougher compared to
washed off untreated PMMA surface as the roughness is about 1.0 nm. There are quite
high points about 20-30
30 nm everywhere representing whether un
un-dissolved
dissolved areas or
where dissolved
ed PMMA aggregated and made high points.
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Figure 45. Morphology of 30 ss-HHIC treated PMMA film after dropping chloroform on its surface while
it was spinning.

Morphology of PMMA film which was HHIC treated for 2 min after dropping
dr
solvent on its surface seemed intere
interesting as we observed a fairly different
ferent morphological
structure. Structure is like fiber network indicating the cross
cross-linked
linked areas where were
stable against the solvent. As these areas are high, one can conclude that
t
dissolved
PMMA has deposited on these areas during spinning. There high areas made the surface
rough and roughness is about 5.2 nm.

Figure 46. Morphology of 2-min
min HHIC treated PMMA film after dropping chloroform on its surface
surfac
while it was spinning.

By increasing the time of HHIC treatment to 4, 12 and 15 min this fiber structure
became dense and denser. This dense fiber structure shows that by increasing the time
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of HHIC treatment we are actually cross
cross-linking the surface as we raised the percentage
of resistant areas against the solvent.
Following images show
shows the morphology of HHIC treated PMMA film after
solvent attack as we increased the time of HHIC treatment to 4 min.

Figure 47. Morphology of 4-min
min HHIC treated PMMA film after dropping chloroform on its surface
while it was spinning.

Surface of the 4 min HHIC-treated PMMA film (Figure 47)) is smoother and
roughness is about 3.5 nm.

Figure 48. Morphology of 12--min HHIC treated PMMA film after dropping chloroform on its surface
while it was spinning.
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Surprisingly, the surface of 15 min HHIC
HHIC-treated
treated PMMA film is full of fibers
showing the cross-linked
linked areas have increased by increasing the HHIC treatment
(Figure 49).

Figure 49. Morphology of 15--min HHIC treated PMMA film after dropping chloroform on its surface
while it was spinning.

It was expected that by increasing the time of HHIC treatment to half an hour or
o
even more we shouldn’t see any fiber structure as they have covered the whole surface,
in other words, the whole surface is cross
cross-linked
linked and stable against the solvent (Figures
50 and 51).

Figure 50. Morphology of 20-min
min HHIC treated PMMA film
lm after dropping chloroform on its surface
while it was spinning.
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As can be seen surface of 30 and 40 min HHIC-treated
treated PMMA films (Figures
(Figure 51
and 52)) are relatively smooth and roughness is about 0.3 and 0.5 nm, respectively. We
indicated that in order to make a fully cross-linked
linked surface we should increase the time
of HHIC treatment up to half an hour. The color of PMMA film
films before and after
dropping solvent on its surface which represents film thickness has not changed
significantly for the 30 and 40 min HHIC treated samples.

Figure 51. Morphology of 30--min HHIC treated PMMA film after dropping chloroform on its surface
while it was spinning.

Figure 52. Morphology of 40--min HHIC treated PMMA film after dropping chloroform on its surface
while it was spinning.
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By taking several images from different areas of the 30 min HHIC-treated sample
the only interesting thing that we observed was a small beautiful star structure
struc
far apart
each other on the surface.
face. As the whole surface in these cases is cross
cross-linked;
linked; the only
areas that the solvent can penetrate into are pine
pine-holes on the surface. On a polymeric
film fabricated through spin
spin-coating
coating technique there are always some empty dots on the
surface which are called pine holes. These star structures are formed on the surface
since the solvent could penetrate into the pine
pine-holes
holes and dissolve the polymeric film
around them and make it loose. While the substrate was spinning these liquid-shape
liquid
areas around thee each pine
pine-hole
hole formed a star structure such as figure below:

Figure 53. Specific structure that was observed on 30-min
min HHIC treated PMMA film after pouring
po
2-3
drops of solvent on its surface.

Another important area which we were interested was the morphology of solution
process-able
able polymeric semiconductor on the HHIC
HHIC-treated
treated PMMA film. P3HT was
selected as a test to see its morphology when it is deposited on PMMA film by solution
process-able technique.
0.5 wt % P3HT solution in chloroform was pprepared
repared and sonicated for 15 min and
filtered with 1 µm
m hole size filter. Afterwards, it was deposited on untreated and HHICHHIC
treated PMMA films and. P3HT deposited by means of a spin
spin-coater
coater which was set
s to
3000 rpm and 1 min spinning time. Spin
Spin-coating
coating process was dynamic; 3-4
3 drops of
P3HT were poured on PMMA film while it was spinning at 3000 rpm. Then the
morphology of P3HT films on the HHIC
HHIC-treated
treated and untreated PMMA films were
investigated by AFM to compare the differences.
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It was expected to fabricate a homogenous film on highly cross
cross--linked PMMA
film (more than 20 min HHIC treated ones), and rresults
esults confirmed our thought.
First of all, we deposited P3HT on untreated PMMA film. As the PMMA film was
not resistant against the P3HT solvent it dissolved and final film was an amorphous
polymeric film, a mixture of both components. Following image sho
shows
ws the described
morphology.

Figure 54.. Morphology of P3HT film deposited on untreated PMMA film.

Following images show the morphological structure of P3HT film on HHICHHIC
treated PMMA film for 2 min. A significant difference in the film morphology can be
seen which represent the increased resistance of PMMA film against the solvent of
P3HT solution. If we consider the morphology of 2 min HHIC treated PMMA film after
dropping solvent on it which made a fiber structure, we can assume that P3HT solution
was trapped among those high lines on the surface and crystalized, although all this
process happed in a fraction of a second. Not surprisingly, surface is rough and
roughness is about 20 nm which is not a desirable surface roughness in an actual OTFT.
Following images shows the crystalline structure of P3HT film on 2 min HHIC treated
PMMA film.
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Figure 55. Morphology of cryst
crystalline P3HT film deposited on 2-min
min HHIC treated PMMA film.

Then, as we confirmed that long exposure (about half an hour) to HHIC make an
entirely cross-linked
linked surface of polymer, we treated several PMMA films for 20 and 30
min and then deposited P3HT on them. Remarkably, we fabricate a fairly smooth P3HT
film rather than a huge crystalline structure, while P3HT has not mixed with the existing
PMMA film. Following images indicate perfect surface morphology of P3HT on highly
cross-linked surfaces.

Figure 56. Morpholo
Morphology of P3HT film deposited on 20-min HHIC treated PMMA
MA film.
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Figure 57. Morpholo
Morphology of P3HT film deposited on 30-min
min HHIC treated PMMA film.

Therefore, in this part it was proved that in order to obtain a highly cross-linked
cross
polymeric surface which is quite resistant against the pure solvents or other solutions we
have to raise the HHIC treatment to a long time between 20 - 30 min,, however in the
theory treatment time is only about couple of min
min. It was decided to re-fabricate
fabricate the last
configuration of OTFTs (OTFTs with cross
cross-linked
ed PMMA as the dielectric film) and
raise the time of HHIC treatment up to half an hour.
It was also demonstrated
monstrated that spin coated P3HT film on untreated PMMA film
results in dissolving PMMA in the solvent of P3HT solution and fabricating a mixed
amorphous film. It was confirmed that short HHIC treatment results in partially crosscross
linked structure on the surface and is no
nott possible to get a homogenous P3HT
P
film on
this structure. Second polymeric film on the shortly cross
cross-linked
linked PMMA film has
h a
large-scale
scale and rough crystalline structure. However, we fabricate an acceptable P3TH
film with desirable morphology with the roughness about 5 nm on the highly crosscross
linked PMMA film (HHIC
(HHIC-treated for 20-30 min).
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5.2.5 HHIC technique and cross-linking the organic dielectric layer
of OTFTs with appropriate time of treatment
Since the proper time of HHIC treatment was obtained described in the previous
section; it was decided to fabricate OTFTs in which the gate dielectric layer is highly
cross-linked according to the new finding of HHIC treatment time.
Definitely, one of the configurations for OTFTs includes PMMA and PQT-12 as
the gate dielectric and semiconductor layers which is the same as the fabricated
configuration in the section 4.4.3, however the only difference is the time of HHIC
treatment that will be increased up to half an hour. The other configuration with long
HHIC treatment included DPP-TT (section 2.1.3) as the semiconductor layer and
PMMA as the dielectric layer.
The other configuration is also a multi-polymeric OTFT with very thin layer of
PMMA film (about 20 nm) as the gate dielectric layer and aluminum or gold as the gate
electrode. The reason that we chose a very thin dielectric film was to investigate
whether it is possible to get any transistor behavior at very low gate and drain voltages
as relatively thick dielectric layers do not allow obtaining low operative voltages for
OTFTs. It is quite interesting to fabricate a transistor which works at the low range of
voltages. One of the methods to attain this transistor is to use a high-qualified dielectric
layer which has high capacitance although it is so thin (64, 65). Because when the
dielectric layer is thin even the low voltage applied to the gate electrode can transfer
through the active channel and affect the energy levels of the semiconductor. And, when
the capacitance for a thin dielectric layer is high the leakage current is reasonably low
which is constructive. It was desirable to see whether it is possible to make a very thin
dielectric layer but with high capacitance as it is HHIC treated for a long time and
highly cross-linked.
Figure 58 and 59 show the transfer and output characteristics of OTFTs including
heavily doped Si wafer as the gate electrode, 3 wt% PMMA in trichloroethylene (TCE)
whit long HHIC treatment up to 30 min, 0.3 wt% PQT-12 in dichlorobenzene as the
semiconductor layer and evaporated gold for source and drain electrodes. The
configuration is the same as the devices in the section 4.4.3.

79

TCE has been selected as the proper solvent here because it has very low rate of
evaporation in comparison with chloroform as it has higher molar mass (molar masses:
131.30 g/mol and 119.38 g/mol for TCE and chloroform, respectively). Fabrication of
polymeric film
m through the spin
spin-coating
coating method with a solvent which has low
evaporation rate allows us to get a film with less number of pine
pine-holes
holes and more
homogeneous formation. However it should be considered that with the same
experimental setup the fabricated film will be thinner. As the solvent takes more time to
evaporate and for more period of time it goes off the surface of spinning substrate. The
average measured thickness and its standard deviation for the dielectric film in this
configuration are about 245.2 nm and 11.2 nm, respectively.

Figure 58. Transfer characteristic
istic of an OTFT with 15 min HHIC treated dielectric layer.

Figure 58 shows a typical characteristic transfer curve of a transistor with
described configuration. The charge carrier mobility is 0.0007 cm2/Vs and on/off ratio is
in the order of 103. Therefore the characteristic of the transistor has not significantly
changed; however, it is good to mention that the mobility of 0.0007 cm2/Vs has been
reached while the gatee voltage swipe from +3 V to -30
30 V and the drain voltage is at – 20
V. In the previous part (5.2.3
(5.2.3),
), the same order of mobility has been reached for the
PQT-12
12 semiconductor film while the gate voltage swiped from +20 V to -60 V and the
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drain voltage was -60
60 V. Therefore, increasing the time of HHIC treatment and highly
cross-linking
linking the dielectric layer definitely results in better performance of the device as
they show the same characteristic in the lower range of the voltages. The other issue is
the amount
nt of leakage current which has been decreased more than two orders of
12
magnitude down to 10-12
- 10-11 A illustrating that the better dielectric layer has been

formed by increasing the HHIC treatment time.

Figure 59. Transfer characteristic
istic of an OTFT with 30 min HHIC treated dielectric layer. Mobility of the
semiconductor film is the sa
same as the device with 15 min HHIC treated
ted dielectric layer; however,
leakage
eakage current is about 0.1 pA
pA.
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Figure 60. Output and transfer characteristics of an OTFT. Dielectric layer is highly cross-linked
cross
and
HHIC treated for 15 min. Threshold voltage is about -4.3
4.3 V and it is not stable in the output
characteristic.

As the results about the dielectric properties of the PMMA film with long HHIC
treatment were relatively satisfying, it was decided to use another organic
semiconductor with superior properties compared to PQT
PQT-12.
12. Therefore, similar
configuration of OTFTs was fabricated in which DPP
DPP-TT
TT was used as the
semiconductor
ductor layer instead of PQT
PQT-12.two
12.two different solvent were used for PMMA
including TCE and chloroform which have slow and high rates of evaporation. The
reason is to observe whether the solvent affect the dielectric properties such as leakage
current, operating
ting voltages, threshold voltage and etc.
The first configuration includes heavily doped silicon wafers
wafer as the gate
electrodes, 5 wt% PMMA in TCE spin
spin-coated
coated on top of them and then treated by HHIC
technique for long periods. Afterwards, 0.7 wt% DPP-TT semiconductor
miconductor deposited
thorough spin-coating
coating technique with a thickness of less than 100 nm and finally after
drying and annealing process of semiconductor layer (identical to PQT-12)
PQT
inside the
vacuum oven; the source and drain electrodes were deposited vi
viaa evaporation method of
gold.

82

Figure 61. Transfer characteristics of OTFTs with DPP
DPP-TT
TT organic semiconductor and highly crosscross
linked PMMA dielectric films via HHIC treatment for a, b. 15 and c, d 30 min treatment.

As can be seen from F
Figure 61 the mobility range has increased about one order
or
of
magnitudes and 30 min HHIC treated PMMA film performed better in terms of leakage
current (one order of magnitude less). Charge carrie
carrierr mobility of DPP-TT
DPP
films is
slightly higher for the devices with 30 min HHIC treated PMMA dielectric films. In
addition as the PMMA dielectric films coated via a 5 wt% solution in TCE, they are
thicker than PMMA films in the previous part. Therefore, the drain voltage should
swipe broader range and it was ffrom +5 V to -50 V.
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Figure 62.. Output characteristic of an OTFT with DPP
DPP-TT semiconductor and highly cross-linked
cross
(30min HHIC treatment) PMMA films.

Figure 62 shows a typical output characteristic of described devices in this part.
pa
Interestingly the threshold voltage in these devices is stable in contrast with the previous
devices (PQT-12
12 and highly cross
cross-linked
linked PMMA) in which it was not stable and in each
step after increasing the gate voltage the minimum drain voltage from which
whic active
channel stars changed.
Another configuration with DPP
DPP-TT
TT as the semiconductor film includes PMMA
dielectric film dissolved in chloroform. The configuration is exactly similar to the
previous part except the solvent of PMMA. H
Heavily doped silicon wafers
wafer were used as
the gate electrode, 3 wt% PMMA in Chloroform deposited on top of them and crosscross
linked via HHIC technique for long periods. Certainly, the dielectric layers are a little
thicker than their counterparts as the solvent evaporates rapidly (Appendix A).
Afterwards, 0.7 wt% DPP
DPP-TT semiconductor deposited thorough spin-coating
coating technique
and dried and annealed at 70
70˚˚ C and 140˚ C, respectively. Finally, source and drain
electrodes were deposited on the top of the semiconductor layer.
Without a doubt this set of OTFTs has the best performance. Charge carrier
carrie mobility
has increased up to 0.01 cm2/Vs for samples with cross-linked PMMA dielectric layer
via 15 min HHIC treatment and longer while the gate voltage only swipe from 2 V to –
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20 V. Leakage
eakage current is lower than10-11 A illustrating the good properties of
o PMMA
dielectric film. On/off ratio is in the order of 105 which is an acceptable range for this
parameter (Figures 63 and 64).

Figure 63. Typical transfer characteristics of OTFTs with highly cross
cross-linked
linked PMMA dielectric layer.
layer

Figure 64.. Output and transfer characteristics of an OTFT. Dielectric layer is highly cross-linked
cross
and
HHIC treated for 30 min.

Figure 64 illustrates the output and transfer characteristics of an OTFT fabricated
by DPP-TT and highly
ly cross
cross-linked PMMA (30 min HHIC treatment) as the
semiconductor and dielectric layers. Compatible interfacial structure between these two
layers resulted in stable threshold voltage in the output graph.
It is interesting to depict the device performa
performance
nce without any HHIC treatment and
cross-linking
linking process to compare and comprehend how HHIC treatment affects the
device’s characteristics. For this purpose a set of OTFTs were fabricated on a heavily
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doped silicon wafer. 3 wt % PMMA solution in chloroform deposited on top of the
wafer as the dielectric layer and dried in the vacuum oven. Afterwards, semiconductor
(0.7 wt% DPP-TT)
TT) deposited on the top of the dielectric layer without cross-linking
cross
of
its surface. The fabrication procedure followed by semicon
semiconductor
ductor drying and annealing
process; then source and drain electrodes deposition. Transfer characteristic of the
devices were measured however no transistor behavior was observed. Through
changing the gate and drain voltages only noise signals were collect
collected
ed for the drain
current (Figure 65). This experiment proved that without cross
cross-linking
linking the surface of
first polymeric layer (dielectric) solvent of second layer (semiconductor) entirely
degrades the interfacial structure. Therefore, neither semiconductor nor dielectric layers
have their own electrical properties as they have been mixed through spin-coating
spin
process.

Figure
65.
65
Transfer
characteristic of an OTFT
without using HHIC treatment
to cross-link
link the surface of first
polymeric
meric layer. Transistor
behavior was not observed.

Therefore, the importance of HHIC treatment and cross
cross-linking
linking process in
fabricating OTFTs entirely based on solution
solution-based
based techniques elucidated by means of
described experiment.
As it was observed that it is possible to have a polymeric dielectric layer with
acceptable properties in solution
solution-based
based OTFTs; it was interesting to examine another
configuration with very thin (less than 50 nm) dielectric layer which is highly crosscr
linked (more than 15 min
min).
). Purpose of fabricating these OTFTs is to see whether it is
possible to get very thin polymeric films with good dielectric properties which operate
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at low range of voltages. Reduction in the power consumption of OTFTs is a
controversial issue in order to utilize them in the actual applications. As the density of
charge carriers in the active channel of OTFTs is relatively low compared to their
inorganic silicon-based counterpart high operating voltage and power consumption are
require. One practical solution for this negative aspect is to use a dielectric layer with
high capacitance. However, only a few number of organic and solution processable
dielectrics have high capacitance. On the other hand, the other method to deal with this
problem is to use an ultra-thin dielectric layer.
It is noteworthy that thin solution-based organic dielectrics usually are not a good
choice owing to their small dielectric constant (low capacitance) and large density of
pine-holes. In this part, it was ensured whether it is possible to get an ultra-thin
dielectric film which having acceptable electrical properties when it is treated with
HHIC technique for long time.
OTFTs were fabricated by spin coating a 30 nm film of PMMA (from a 0.3 wt%
chloroform solution). PMMA films were treated by HHIC technique, afterwards PQT12 film were deposited on the top of PMMA films from a 0.3 wt% solution with a
thickness less than 100 nm. PQT-12 films were dried and annealed and as the final part
source and drain electrodes were deposited on top of the PQT-12 films through thermal
evaporation of gold metal.
Transfer characteristics of described devised were measured and as it was
expected no transistors behavior was monitored. Drain current versus gate voltage is a
symmetric graph which should not be. As the majority of charge carriers in PQT-12 are
holes there should be an active channel only in the negative range of gate voltage, and
there should not be any current in the positive range. However the existence of drain
current in both negative and positive range implies high level of leakage current as a
result of poor dielectric film. It is not possible to get a pine-hole-free film by depositing
a very thin polymeric film via solution based technique. And long HHIC treatment and
high cross-linking cannot eliminate leakage current through pine-holes (Figure 66).
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Figure 66. Transfer characteristic of OTFTs with ultra
ultra-thin
thin polymeric dielectric film. High density of
pine-holes
holes in the dielectric film cause
caused high
h level of leakage current even at very low range of gate
voltage.

Therefore, as described in details, a number of different OTFT’s configurations
were examined and their characteristics were recorded. The best results and
performance contribute to OTFTs w
with
ith polymeric PMMA films from 3 wt% chloroform
solutions which were highly cross
cross-linked.
linked. It was demonstrated that is not possible to get
a desirable dielectric layer with ultra
ultra-thin thickness and highly cross-linking
linking treatment
owing to high level leakage ccurrent.
On the other hand, it was confirmed that the DPP
DPP-TT
TT semiconductor films make
an improved interfacial structure with PMMA films as the threshold voltages were
consistent

during

the

devise

characteristics

measurements.

Thus,

DPP
DPP-TT

semiconductor is more
ore compatible with PMMA dielectric than PQT
PQT-12.
In addition, two different solutions such as chloroform and TCE with high and low
rate of evaporation, respectively, were used for PMMA solutions. Although it was
expected to get better characteristic param
parameter
eter out of the device using TCE as it has
lower evaporation rate and leads to a film with less pine
pine-hole
hole density, devices using
chloroform performed better and resulted in increased charge carrier mobility and on/off
ratio.
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Chapter 6: Summary and remarks future work
The research results presented in this thesis involves two main issues. In the first
part, applications of the HHIC technology in the hetero-junction formation process have
been thoroughly explored. Understanding the Cross-linking of the molecules in the
surface of the organic samples was the target of the first set of experiments. The surface
of PMMA films coated on silicon wafers were exposed to HHIC treatment (neutral
hydrogen projectiles). HHIC treated samples were investigated using AFM and TOFSIMS. An analytical approach using TOF-SIMS was introduced to probe the degree and
the depth of cross-linking process. Consequently, the HHIC parameters such as the flux
and kinetic energy of hydrogen projectiles, hydrogen gas pressures and treatment times
were optimized and analyzed for the efficient cross-linking on the surface of the organic
samples.
In the second part of the experiments, a number of OTFTs having various
configurations were fabricated and characterized. The HHIC technology has been
applied in all configurations in terms of (1) improving and stabilizing the organic
semiconductor layers, and (2) enhancing the surface of the solution-processed organic
dielectric.
However, the application of HHIC technology to organic semiconductor led to
degradation of the semiconductor film, which may be due to the possible UV irradiation
and oxidization process inside the HHIC chamber.
Applications of HHIC technology to the organic dielectric layer were successful in
enabling solution-processed organic dielectric and semiconductor multilayers to work.
The solution-based OTFTs with highly cross-linked polymeric PMMA dielectric films
coated from a 3 wt% solution in chloroform and organic semiconductor DPP-TT films
showed the best performance. Without the cross-linking of the organic dielectric, the
subsequent organic semiconductor deposition destroyed the existing organic dielectric
layer (due to solvent attack). The transistor performance of these devices illustrated the
excellent electrical properties for the HHIC treated organic dielectric films. The charge
carrier mobility and the on/off ratio were relatively high in comparison with other
solution-processed OTFTs.
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In addition, it was confirmed that the DPP-TT is superior in device performance
than PQT, as the threshold voltages were consistent during the devise characteristics
measurements.
There are several other configurations and materials which are interesting to be
used and analyzed either as the cross-linked dielectric layer or the semiconductor layer.
Another area of interest is the application of using the HHIC technique to cross-link the
ultra-thin polymeric films on the order of several nanometers. In this case, the
conditions of the HHIC treatment parameters have to be optimized. Its success will lead
to fabrication of solution-processed OTFTs with an ultra-thin organic dielectric layer,
enabling low voltage operations.
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Appendix A: Capacitance measurement of polymeric dielectric
films
Capacitance of the dielectric layer in OTFTs is one of the necessities for
calculating the mobility of dominant charge carriers in the active channel or
semiconductor layer.
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According to the above equation mobility is proportional to W and L which are

length and width of the active channel and  w|yz ! which can be approximately
wx

}

substituted by the slope of best line fitting the data points in the graph of square root of

drain current (ISD) versus the gate voltage (VG) and finally the dielectric film capacitance
(C). As the desirable unit for charge carrier mobility in this work is cm2/Vs, capacitance
must be recorded in F/cm2, in other words, capacitance per unit of area is required.
A BK-PRECISION 820 capacitance meter was used to measure the capacitance of
PMMA films. PMMA films were coated on silicon wafers with different conditions
according to the configuration of tested OTFTs then circle electrodes were deposited on
top the PMMA films through the thermal evaporation of gold metal. The structure and
electrodes were measured and the average value is about 0.019  0.001 cm2.

size of the circle electrodes are shown in the Figure 67. The covering area of circle

Figure 67. Gold circle electrodes deposited on the top of PMMA film in order to measure the
capacitance of the film per unit of area.
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in chloroform was about 0.104  0.01 nF. Therefore, the capacitance of the film per
The average measured capacitance for a PMMA film coated from 3 wt% solution

unit of area is 5.47 nF/cm2. Capacitance per unit of area for the PMMA films coated
from the 3 and 5 wt% solutions in TCE was about 12.28 and 6.29 nF/cm2, respectively.

In the several configurations the silicon oxide layer performed as the gate
dielectric film. There is no need to measure the capacitance of the silicon oxide film as
it is a known value. A 100 nm thermally grown silicon oxide SiO2 dielectric layer has a
capacitance about 15 nF/cm2.
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